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INTRODUCTION

1. INTRODUCTION

Human activity causes constant and increasing threats to wildlife. From oil spills and boat strikes to habitat
loss and entanglement with potentially fatal debris, marine animals in crisis are a sadly common worldwide feature (IUCN,
2006). The Loggerhead sea turtle (Caretta caretta) in the Mediterranean faces an imminent threat of extinction due to
accidental captures and habitat loss (Margaritoulis et al., 2003; Gomez de Segura et al., 2006). Each year, marine
rescue centers along the Mediterranean coast have become inundated with juvenile and subadult turtles, the majority of
which are injured as a result of human activities. Between 1994 and 2005, 527 Loggerhead sea turtles were rescued in
the Centre de Recuperacié de Animals Marins de Catalunya (CRAM) in Premia de Mar (Barcelona, Spain), accounting
for 88% of the admissions caused by fishery interactions, most of them related with the ingestion of fishhooks (CRAM,
2006). Veterinary Healthcare and Education Programs designed to specifically address the medical and biological issues
that accompany reintroduction programs have been performed by this center in scientific agreement with the Servei

d’Ecopatologia de Fauna Salvatge of the Universitat Autdnoma de Barcelona.

Chelonian medicine represents a great challenge to veterinarians. A major part of the unusual anatomy and
physiology of the turtles and tortoises is scarcely known and routine clinical examination usually applied to domestic
animals provides little information about their health status (MCarthur et al., 2004). Injured sea turtles usually display few
clinical signs of illness and therefore diagnosis in this species is frequently poor. Diagnostic imaging techniques are
routinely applied in human medicine and increasingly so in companion animal medicine. However, because of
differences in anatomy, physiology, physiopathology, indications, specificity and sensibility of these techniques in sea
turtles, the medical references can not be directly deduced from those of dogs/cats or even other reptilian species
(Silverman and Jansen, 2006). Specialized medical databases for radiology, ultrasonography, computed tomography
and magnetic resonance for Loggerhead sea turtles are needed in order to provide references for image interpretation.
These techniques provide a good view of anatomical structures and organs, are non-invasive, and suitable for accurate

diagnosis as well as assessing biological data in this endangered species.

The most widely-used imaging techniques in current veterinary medicine are radiography and ultrasonography.
Although the use of computed tomography and magnetic resonance imaging are usually limited to specialized facilities,
use of them is imperative when dealing with endangered species such as the Loggerhead sea turtle. In this work we
have studied Loggerhead sea turtles admitted and kept temporarily at the Centre de Recuperacié de Animals Marins de
Catalunya (CRAM) between 2004-2005. The normal parameters for radiology, ultrasound, computed tomography and
magnetic resonance of this species were studied and described in the five scientific papers presented in this thesis.

Additionally, two other papers concerning the use of Doppler ultrasonography and evaluation of the ingesta passage
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times in the Loggerhead sea turtle are also included as annex documents. The last paper, although not related to a
specific imaging technique, was included due to the use of specialized radiographic markers required to dog and cat
testing. Clinically healthy animals were subjected to radiographic and ultrasonographic examination at the facilities of the
Veterinary Hospital of the Universitat Autonoma de Barcelona; the computed tomography and resonance magnetic scans

were performed in a private human radio-diagnostic clinic in Barcelona.
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1.2. OBJECTIVES

The aims of this work are:

1. To provide the normal cervical and coelomic radiographic appearance of the Loggerhead sea turtle, in the
dorso-ventral view, as well as other useful landmarks, to allow for correlation of shell scutes with internal

anatomic structures.

2. To provide the normal radiographic anatomy of the limbs of the Loggerhead sea turtle in combination with data

obtained from computed tomography - osteological, gross anatomical and histological data.

3. To describe the normal ultrasonographic appearance of cervical structures and coelomic organs of the

Loggerhead sea turtle, and to provide the respective images of frozen cross-sections for anatomical reference.

4. To provide normal computed tomographic images of the vertebral column and coelomic structures of the
Loggerhead sea turtle, by establishing reference standards for organ size and position in this species; to
provide images of virtual tracheo-bronchoscopy and 3D reconstructions of the respiratory tract and bone

structures.

5. To provide the normal magnetic resonance imaging (MRI) appearance of coelomic structures of Loggerhead
sea turtles in T1 and T2-weighted scans via comparison with cross-sectional anatomic sections of this species.
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1.3. LITERATURE REVIEW

1.3.1. Evolution of sea turtles

The oldest turtle fossils found date from the Jurassic period (210 million years ago). Proganochelys is the most
primitive turtle known; it was a heavily-armoured animal with some of the features seen in the turtles today, such as
presence of the shell consisting of a large number of bones including the ribs that are fused to form a single solid plate
(Gaffney, 1990). In the middle Jurassic period, the main lineage of turtles had split into two branches: the side-neck
turtles (pleurodires), which protect the head by folding the neck and head over to one side, and the hidden-neck or arch-
neck turtles (cryptodires), which pull the neck into a vertical S-curve and retract the head straight back between the
shoulders (Perrine, 2003). The side-necked turtles produced many sea-going species during the Cretaceous period (145
to 65 million years ago), but all of these died out. Modern pleurodires live in freshwater. Sea turtles date from the
Cretaceous and belonged to the hidden-neck group, to which the majority of turtles belong today. The hidden-neck group
comprised many families, most of which had died out by the early Cretaceous period. Fossil records of chelonioids
before the Late Cretaceous have been poorly documented. The Cretaceous sea turtle Archelon ischyros was first
recorded based on fossils found in South Dakota, E.U.A. (Wieland, 1896). However, according to Hirayama (1998) the
oldest sea turtle known dates from the Early Cretaceous stage (about 110 million years ago), the fossil being found in
eastern Brazil. Four important families of hidden-neck sea turtles did survive into the mid-Cretaceous period. Two of
these families, the Dermochelyidae and the Cheloniidae, have modern descendants. The genera and eight species of
sea turtles known today all originated within the last 60 to 10 million years. The leatherback sea turtle is the only
surviving member of the Dermochelyidae. The Loggerhead sea turtle and other remaining modern sea turtles belong to
the Cheloniidae.

1.3.2. Taxonomy of sea turtles

The eight species of modern sea turtles are found within two families: Dermochelyidae and Cheloniidae. The first
family has only one species: the Leatherback sea turtle (Dermochelys coriacea). The Cheloniidae family comprises six
species of sea turtles: the Green turtle (Chelonia mydas), Loggerhead sea turtle (Caretta caretta), Hawksbill turtle
(Eretmochelys imbricata), Kemp'’s ridley (Lepidochelys kempii), Olive ridley (Lepidochelys olivacea) and the Flatback sea
turtle (Natator depressus) (Perrine, 2003).

The name Caretta is a latinized version of the French word ‘caret’, meaning ‘turtle, tortoise, or sea turtle’ (Smith
and Smith, 1980). The name ‘caret’ or ‘carey’ (Spanish) is usually associated in colloquial language with the Hawksbill
turtle rather than the Loggerhead, and the name probably resulted from Linnaeus' confusion over the identity of these

species (Brongersma, 1961; Wallin, 1985).
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Taxonomy of the Loggerhead sea turtle
Phylum Chordata
Subphylum Vertebrata
Superclass Tetrapoda
Class Reptilia
Subclass Anapsida
Order Testudines (Linnaeus 1766)
Suborder Cryptodira (Gray 1825)
Superfamily Chelonioidae
Family Cheloniidae

Caretta caretta (Linnaeus, 1758)

1.3.3. Morphological features of the Loggerhead sea turtle

The Loggerhead sea turtle is named for its relatively large and triangular head, which support powerful jaws
that enable the species to feed on hard-shelled prey, such as whelks and conch. The neck and flippers are usually brown
to reddish, being brown on top and pale yellow on the sides and bottom. Front flippers are short and thick with 2 claws
while the rear flippers can have 2 or 3 claws (Brongersma, 1961; Pritchard and Trebbau, 1984).

Some aspects of the external morphology of this species change depending on the size of the specimen.
Based on the carapace length, different age categories for Loggerhead turtles have been established (Dood, 1988).
Morphological features are different in the hatchlings, in which the external colour pattern varies from light to dark brown
to dark gray dorsally. Flippers are dark gray to brown above with white to white-gray margins. The coloration of the
plastron is generally yellowish to tan. At emergence, hatchlings average 45 mm in length and weigh approximately 20 g
(Caldwell et al., 1955). The category ‘hatching’ includes the turtles from their hatching to the first few weeks of life as they
begin rafting on currents for the life stage known as the ‘lost year' (Carr, 1986). This latter category includes turtles up to
10 cm straight-line carapace length (SLCL) and is characterized by the presence of the umbilical scar (Dood, 1988)
(Fig. 1A).

Juveniles are those in the pelagic rafting life stage and have an SLCL of approximately 40 cm. The center of
the dorsal scutes is elevated into a sharp keel or spine (Dood, 1988) (Fig. 1B). Subadults are those between the end of
the pelagic rafting stage to the onset of sexual maturity (Fig. 1C), which occurs about 70-90 cm SLCL, depending on the
population (Dood, 1988). In the Western Atlantic, the adult Loggerhead sea turtle typically has a 73-107cm carapace
length and weighs up to 180 kg (Bjorndal et al., 1983). In the Mediterranean sea, adults are smaller than those from the
Atlantic, showing a carapace length of about 90 cm and weighing less than 100 Kg (Fig. 1D) (Pritchard and Mortimer,

1999). The size at sexual maturity for males is assumed to be similar to that for females.
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Figure 1. Loggerhead sea turtle: A, Hatchling; B, carapace of small juvenile - arrows indicate dorsal keels; C, subadult; D, male (top ) and female
(bottom) adult turtles.

In adults and sub-adults, the carapace is moderately wide, slightly heart-shaped and reddish-brown; the
plastron is generally a pale yellowish colour (Fig. 1C-D). The carapace is composed of bone covered by large, non-
overlapping, rough keratinized scutes. The carapace scutes are numbered from front to back and identified as nuchal
(n=1), vertebral (n=5), lateral or costal (n=5), marginal (n=6) and inframarginal or bridge scutes (variable in number),
(Pritchard and Mortimer, 1999) (Fig. 2A). The carapace bones are flat, thick and do not coincide with the scutes. They
are identified as nuchal, neural, pleural, suprapygal, pygal or peripheral bones according to carapace localization. The
nuchal bone is large and notched laterally. The neural bones (usually 7-11) are narrow, forming a continuous series over
the vertebral column. Each neural bone usually has a vertebral centrum attached to the ventral surface (Wyneken, 2001).
Pleural bones are fused with the ribs and contact the peripheral bones by way of free tips at the end. A single pygal bone
and a pair of suprapygal bones form the caudal edge of the carapace (Wyneken, 2001) (Fig.2B).

The plastron is also covered by keratinized scutes under which lie nine bones (Fig. 2D). The hyoplastra and
hypoplastra are similar in shape. Interdigitating projections are present on the antero-lateral faces of the hyoplastra and
postero-lateral faces of the hypoplastra. The epiplastra are reduced, and the entoplastron is elongated. The xiphiplastra
are also elongated and nearly straight (Wyneken, 2001).

The heavily-keratinized scutes of the carapace and plastron of the Loggerhead provide a protective barrier
against attacks and abrupt environmental changes. The epidermis contains the pigment cells, and is much thicker on the
plastron of the Loggerhead than that of the Green turtle. The keratin is of the hard variety and assists in reducing
frictional drag in water (Solomon et al., 1986).

The carapace and plastron undergo substantial changes after hatching. Growth is allometric because different
parts of the body grow at different rates. Hatchlings have three dorsal keels on a roughly heart-shaped carapace and

there are two longitudinal ridges on the plastron that disappear with age. In both hatchlings and juveniles, the vertebral
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scutes are wider than they are long, but as the turtle grows, there is greater increase in length relative to width. Although
the increase in length does not occur simultaneously in all scutes or at the same rate (Brongersma, 1972) the vertebral
scutes V1 to V4 tend to increase length relative to width. The vertebral scutes of juveniles are keeled with a knob-like
process on the posterior portion of each keel, which is most distinct on the anterior scutes. At a length of 35.0 cm, the
knobs generally disappear although the keels are still present, and at 58.0 cm the keels also disappear (Brongersma,
1972).

[ Leteral scutes
(] marginal scutes
D Suprocawdal scutes

- HNuchal scisde

[ Abdominal seutes
m Femoral scutes

B inrramarginal scutes
B aneiscues

Figure 2: Morphology of the carapace and plastron of Loggerhead sea turtles. A, Dorsal view of the carapace; B, Dorsal view of carapace bones; C,
Ventral view of plastron; D, Ventral view of plastron bones. Scutes are indicated in the legend. Drawings adapted from Pritchard et al., 1999 and
Wyneken, 2001.
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The bones of the forearm and hand of the Loggerhead sea turtle are illustrated by Walker (1973) and especially
the humerus, by Zangerl (1958) and Zug et al. (1986). Rhodin (1985) noted similarities in patterns of skeletal growth
between the Loggerhead and freshwater turtles. In both groups, non-calcified cartilage remains avascularised, and a
subphyseal plate is formed causing transient isolation of a metaphyseal cartilage cone. However, in the Loggerhead, the
central cartilaginous zone does not hypertrophy and remains uncalcified even as the peripheral zone of the subphyseal
plate becomes ossified. Also, the basophilic network of Suzuki's tissue is localized in the zone of cartilaginous expansion
in the center of the subphyseal plate rather than in the epiphysis (Rhodin, 1985). These modifications may be related to
the rapid growth in the uncalcified portion of the subphyseal plate.

There are three comprehensive guides to Loggerhead sea turtle anatomy currently available. Rainey (1981)
used black-and-white photographs to illustrate the locations of organ systems in a juvenile male Loggerhead and three
other species of sea turtles. Wolke and George (1981) presented a guide for conducting necropsies under field
conditions. Line drawings supplement a description of dissection methods, and information on fixatives, equipment, and
data forms is provided. In a comprehensive publication, Wyneken (2001) provided a systematic description of sea turtle
anatomy which includes the Loggerhead.

The main morphological features of the Loggerhead sea turtle distinguishing it from other sea turtle species are
the presence of two pairs of prefrontal scales; elongated carapace, somewhat tapered posteriorly, and thickened above
the caudal region; non-imbricated dorsal scutes (except in some young specimens); smooth adult vertebral scutes,
although small turtles have projections toward the rear of lateral and vertebral scutes (more conspicuous on the latter);
five pairs of pleural scutes, with first contact at the pre-central; usually three or four infra-marginal enlarged and poreless
laminae; two claws on each flipper as hatchlings; very broad triangular head with powerful jaws; reddish-brown carapace;
yellowish-white to yellowish-brown plastron (Pritchard and Mortimer, 1999). Detailed descriptions are also to be found in
Smith and Smith (1980) and Pritchard and Trebbau (1984).

1.3.4. Distribution

Loggerheads are circumglobal, inhabiting continental shelves, bays, lagoons, and estuaries throughout the
temperate, subtropical and tropical regions of the Atlantic, Pacific, and Indian oceans as well as the Mediterranean, Red
and Black seas. In the Atlantic, the Loggerhead turtle's range extends from Newfoundland (Canada) to as far south as
Argentina (Dood, 1988; FAO, 1990). The limit of distribution of the Loggerhead sea turtle is temperature-dependent. The
species is widely distributed in coastal tropical and subtropical waters with temperatures between 16°- 20°C. The
species rarely survives in water below 10°C. Therefore, in the winter turtles may remain buried in the mud of quite deep
water. During warm years they may reach northern waters looking for thermal comfort (e.g. Murmansk and Barents Sea)
and in the spring and summer juveniles, sub-adults and some adults are found in feeding grounds (Lutz and Musick,
1996). Adult Loggerheads are known to make extensive migrations between foraging areas and nesting beaches. During

the summer, nesting occurs primarily in the subtropics (Dood, 1988).
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In the Western Atlantic, during non-nesting years, adult females from U.S. beaches are distributed in waters off
the Eastern U.S. and throughout the Gulf of Mexico, Bahamas, Greater Antilles, and Yucatan. Along the Brazilian cost,
the species nest from the north of Rio de Janeiro to the state of Sergipe. Areas in southern Brazil are used as feeding
grounds (Marcovaldi and Marcovaldi, 2004). In the North-eastern Atlantic, there are widespread records of Loggerheads
from Europe, especially from the British Isles. Strandings have been summarized by Brongersma (1972) and are
primarily of juvenile and subadult turtles. Loggerheads do not nest anywhere on the Atlantic coast of Europe.

In the Mediterranean, the Loggerhead sea turtle has been recorded from Spain, including the Balearic Islands
(Salvador 1978, 1985; Pascual 1985; Carr 1986b), France, Corsica, Italy (including Sicily and Lampedusa Island),
Sardinia, Greece, Bulgaria, Turkey, Israel, Cyprus, Egypt, Libya and Tunisia (Dood, 1988). Nestlings occur in the
easternmost part of the Mediterranean while the western part consists of feeding areas. Individuals from the
Mediterranean and North Atlantic populations congregate annually for feeding in a broad area around the Balearic
Islands.

In the Eastern Pacific, Loggerheads have been reported as far north as Alaska, and as far south as Chile. In
the United States, occasional sightings are reported from the coasts of Washington and Oregon, but most records are of
juveniles off the coast of California. The west coast of Mexico, including the Baja Peninsula, provides critically important
developmental habitats for juvenile Loggerheads. In the North Pacific, nesting areas for Loggerheads are found only in

southern Japan.

1.3.5. Life cycle

Loggerheads occupy three different ecosystems during their lives: the terrestrial zone, the oceanic zone, and
the neritic zone. Loggerheads nest on ocean beaches, generally preferring high energy, relatively narrow, steeply sloped,
coarse-grained beaches (Dood, 1988). Immediately after hatchlings emerge from the nest, they begin a period of
hyperactivity. During this period, hatchlings move from their nest to the surf, swim and are swept through the surf zone
and continue swimming away from land for about one to several days.

After this swim frenzy period, post-hatchling Loggerheads take up residence in areas where surface waters
converge to form local downwellings. These areas are often characterized by accumulations of floating material, such as
seaweed (e.g., Sargassum). Post-hatchling Loggerheads may remain for months in waters just off the nesting beach or
else are carried by ocean currents.

Once individuals are carried further offshore by ocean currents, they enter the oceanic zone. Within the North
Atlantic, juvenile Loggerheads have been primarily studied in the waters around the Azores and Madeira (Bolten, 2003).
Other populations exist (e.g., in the region of the Grand Banks off Newfoundland), but data on these populations are
limited. The juvenile turtles around the Azores and Madeira spend the majority of their time at the top of the water column
(depth of 5 m).
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Somewhere between the ages of 7 to 12 years (about 40 cm SLCL), oceanic juveniles migrate to near shore coastal
areas (neritic zone) and continue maturing until adulthood. In the Western Atlantic, subadult developmental habitats
include lagoons, estuaries, and the mouths of bays and rivers, rich in food resources. Adult Loggerheads are best known

from shallow coastal waters adjacent to nesting beaches (Dood, 1988).

1.3.6. Feeding

The Loggerhead is primarily carnivorous, feeding on a wide variety of food items, especially molluscs. They eat
horseshoe crabs, clams, mussels, and other invertebrates (Plotkin et al., 1993). The broad head and substantial jaw
muscles seem particularly well-adapted for crushing hard-shelled prey (Hendrickson, 1980). Adults and juveniles feed in
shallow waters of the continental shelves, often in water only a few meters deep. They spend much of their time around
reefs, or along the bottom. Adults sometimes travel for thousands of kilometers. Hatchlings and young juveniles do not

dive, staying near the surface, often in association with mats of floating seaweed (Dood, 1988).

1.3.7. Reproductive aspects

Sexual dimorphism is apparent only in adults. Hughes (1974) reported that sexual differentiation begins to
become apparent in turtles with SLCL from 60.0 cm to 67.0 cm. Adult males have a longer tail than females and larger,
curved claws (Figs. 1D and 3). Males also have a shorter plastron, presumably to accommodate their large muscular tail
(Geldiay et al. 1982). Adult females have a more domed carapace than males, but males appear to be wider, and have a
more gradually tapering carapace (Carr, 1952). Males also show a tendency to have a wider head (Hughes 1974;
Pritchard and Trebbau, 1984). Sexual distinction of hatchlings, juveniles, and the smaller subadults is not possible
through external examination; distinction is possible only through dissection, laparoscopy, histological examination, or
radioimmunological assays (Owens, 1999; Wyneken, 2000; Brooke, 2005).

Age at first maturity has not been clearly determined yet. Data from researches in captivity indicate ages from 6
to 20 years; the back calculation from capture - recapture data of tagged nesting females in the Southeastern coast of
the United States, analyzed through logistic and von Bertalanffy growth curves, produce ranges from 12 to 30 or more
years, for minimum (74 cm) and maximum (92 cm) straight carapace lengths (FAO, 1990). However, age at sexual
maturity may vary between populations, or even within populations, since growth rates show considerable variation

within and between populations (Limpus, 1985).
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Figure 3. Ventral view of the caudal region of the adult Loggerhead sea turtle. A, Male; B,
Female. a, distance between plastron edge and tail tip (greater in males); b, distance between
cloaca and tail tip (shorter in males). Drawings from Bolten, 1999.

There is a considerable body of literature on the sizes of nesting females, showing that the populations with the
smallest mature females occur in the Mediterranean (over the curve measurements, 69.5-95 cm) and Natal, South Africa
(Dood, 1988). The largest average-sized females occur in the Southeastern United States. Frazer and Schwartz (1984)
provided an age estimation of 16 -17 years old in 2 sexually-mature Loggerheads raised in captivity in North Carolina. In
Florida, other studies performed in wild turtles and based on measurements of recaptured individuals or growth annuli of
humeral bones gave estimates of 10-15 year old to reach sexual maturity (Mendonga, 1981).

Continental beaches (primarily) and beaches (secondarily) are preferred for nesting. Scattered Loggerhead
nesting occurs regularly on some islands, such as those in the Mediterranean, the Bahamas, and Cuba. The nesting
season of the Loggerhead is confined to the warmer months of the year in temperate zones - that is, from May through
August in the Northern Hemisphere and from October through March in the Southern Hemisphere. Nesting often occurs
several hours after sunset (Caldwell, 1959), but may occur at any time of night. Loggerheads are known to nest from one
to six times in a nesting season (Lund, 1986), the record being seven nests in a single season by a female in Georgia
(Lenarz et al., 1981). The inter-nesting interval varies, but is generally about 14 days depending on location. Lays
average 100 to 126 eggs at each nest. The eggs are incubated for about 60 days.

Hughes (1974) and Limpus (1985) have shown that females may have a cycle extending from 2 years to a
longer or shorter one. The specific periodic nesting cycles observed on any given beach are dependent, in part, on the
annual survival rates of the nesting females (Frazer, 1984). Females show a high degree of philopatry to nest in a

specific area when remigrating in subsequent years.
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1.3.8. Population trends

The most recent reviews show that two Loggerhead nesting beaches - South Florida (U.S.) and Masirah Island
(Oman) accout for more than 10,000 females nesting per year. The status of the Oman nesting colony has not been
evaluated recently. Total estimated nesting in the U.S. is approximately 68,000 to 90,000 nests per year. Recent
analyses of nesting data from the Index Nesting Beach Survey Program in Southeast Florida show the population is
declining. Similarly, long-term nesting data show that there was no statistical evidence of an increasing or decreasing
trend in numbers of clutches laid per year in North Carolina, although a significant decrease in the number of turtles
nesting and number of clutches laid per year was found from 1991 (Hawkes et al., 2005).

In the Eastern Atlantic, the Cape Verde Islands support an intermediate-sized Loggerhead nesting assemblage.
In 2000, researchers tagged over 1,000 nesting females on just 5 km of beach on Boa Vista Island (Ehrhart et al., 2003).
In the Western Atlantic (excluding the U.S.), Brazil supports an intermediate-sized Loggerhead nesting assemblage.
Reports provide an estimate of about 4,000 nests per year in Brazil (Ehrhart et al., 2003). Loggerhead nesting throughout
the Caribbean is sparse.

In the Mediterranean, Loggerhead nesting is confined almost exclusively to the eastern portion of the
Mediterranean Sea. The main nesting assemblages occur in Cyprus, Greece, and Turkey. However, small numbers of
Loggerhead nests have been recorded in Egypt, Israel, Italy, Libya, Syria, and Tunisia. Based on the recorded number of
nests per year in Cyprus, Greece, Israel, Tunisia and Turkey, Loggerhead nesting in the Mediterranean ranges from
about 3,300 to 7,000 nests per season (Margaritoulis et al., 2003).

Loggerheads nest throughout the Indian Ocean and, with the exception of Oman, the number of nesting
females is small. Most trends in Loggerhead nesting populations in the Indian Ocean are unknown.

Loggerhead populations in Honduras, Mexico, Colombia, Israel, Turkey, Bahamas, Cuba, Greece, Japan, and
Panama have been declining. This decline continues and is primarily attributed to incidental capture in fishing gear,

directed harvest, coastal development, increased human use of nesting beaches, and pollution (NOAA, 1991).

1.3.9. Mortality, conservation, threats to survival, and protection

Hatchlings of Loggerhead sea turtles are preyed on primarily by ghost crabs, sharks, predatory bony fishes, as
well as a variety of mammals, including the water mongoose, genets, raccoons, foxes, dogs, and cats (Heithaus et al.,
2002). A variety of birds also take hatchlings that emerge during daylight hours. Mortality from non-predatory animals,
including disease, starvation, and cold-stunning undoubtedly occurs, but nothing is known about the effects on specific
populations. Juvenile, subadult and adult Loggerheads are preyed on by sharks, particularly tiger sharks (Galeowdo

cuvieri).
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In the wild, juveniles, subadult and adult Loggerhead sea turtles are known to be affected by two main diseases
- spirorchidiasis and fibropapillomatosis - that may be responsible for significant debilitation and mortality. The latter was
first described in captured adult Green turtles but similar tumours have been found in Loggerheads (Lackovich et al.,
1999). Externally, the lesions are characterized by small to large multiple areas of minimal to mild epidermal hyperplasia
forming arborizing tumours (Jacobson et al., 1989). Internal nodules may be found at multiple visceral sites such as the
liver, kidney, lung and gastrointestinal tract. A herpes-like virus has been identified and associated with the tumour
occurrence (Jacobson et al., 1991; Lackovich et al., 1999). Although a worldwide disease, its prevalence ranges from 0%
to 92% in some areas. The parasitic infection by spirorchids is common in Loggerhead sea turtles, mainly in turtles from
the east coast of the United States of America (Wolke et al., 1982). Species representing three genera, Carettacola,
Hapalotrema and Neospirorchis have been reported in the heart or blood vessels of the Loggerhead sea turtle (Manter
and Larson, 1950). The infected turtles present granulomatous gastritis, enteritis, hepatitis, pneumonitis and nephritis.
Acute and chronic vasculitis accompanied by metastasis of eggs is present and severe hepatic hemosiderosis is caused
by the anemia (Wolke et al., 1982). Adult parasites may cause endocarditis, arteritis and thrombosis of the blood vessels
(Gordon et al., 1998). Recently, Jacobson et al. (2006) have recorded the presence of Neospirorchis associated with
neurological disorders in Loggerhead sea turtles found in waters off south Florida. There are no records of fibropapilloma
or spirorchidisis in Loggerhead sea turtles in the Mediterranean Sea.

In addition to the natural causes of mortality and typical diseases, sea turtles are widely exploited by man for
their eggs, meat and shells. Their survival is seriously threatened by many anthropologic factors such as fishing activities,
pollution, loss of nesting sites, and tourism.

In the Mediterranean, general anthropogenic degradation has been noted at some significant nesting sites,
while some historic host nesting areas have either been lost to turtles (e.g. Malta) or become severely degraded (e.g.
Israel). The main anthropogenic threats affecting marine turtle nesting areas include tourism and recreational activities,
increasing human presence, vehicular and pedestrian traffic, beachfront lighting and noise, uncontrolled development
and construction, beach pollution, marine pollution, planting of vegetation, boat strikes, near-shore fishing and the use of
underwater explosives (Margaritoulis et al., 2003).

Mediterranean fisheries have an enormous impact on the local Loggerhead sea turtle stock. About 20,000
Loggerhead turtles are estimated as being caught each year by Spanish longline fisheries, with a mortality rate of at least
34% (Aguilar et al., 1995). Fisheries are characterized by: (i) multispecificity; (ii) a high level of interaction between trawls
and set gears (both use the same fishing areas and resources); (iii) the major importance of artisanal fisheries, and (iv)
the increasing size of tuna fleets. The demersal species of greatest commercial interest are: hake (Merluccius
merluccius), blue whiting (Micromesistius poutassou), red shrimps (Aristeus antennatus), Norway lobster (Nephrops
norvegicus), red mullet (Mullus surmuletus and Mullus barbatus), octopuses (Octopus vulgaris and Eledone cirrhosa)
and sole (Solea vulgaris). Of the small pelagic species, sardine (Sardina pilchardus) and anchovy (Engraulis
encrasicolus) are the most significant. Blue-fin tuna (Thunnus thynnus) and swordfish (Xyphias gladius) are the most
important large pelagic species and albacore (Thunnus alalunga) ranks third in importance.
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The problems related to the interaction between fisheries and turtles in the Mediterranean are common to all
fisheries. However, local features can affect reproduction, feeding or wintering populations of turtles differently in different
areas (Tudela, 2000). Bottom trawl, surface longline and driftnet, along with coastal gillnet and entangling net fisheries
have a large bycatch causing fishery-related mortality (Argano and Baldari, 1983; De Metrio et al., 1983; Deflorio et al.,
2005).

The Barcelona Convention adopted an Action Plan for the Conservation of Mediterranean Marine Turtles in
1989, acknowledging that catches by fishermen are the most serious threat to the turtles at sea (Tudela, 2000).

Loggerhead turtles are protected by various international treaties and agreements as well as national laws.
These are listed in Appendix | of the Convention on International Trade in Endangered Species of Wild Flora and Fauna
(CITES), which means that international trade of this species is prohibited. Loggerheads are listed in Appendices | and I
of the Convention on Migratory Species (CMS) and are protected under the following auspices of CMS: the
Memorandum of Understanding on the Conservation and Management of Marine Turtles and their Habitats of the Indian
Ocean and South-East Asia (IOSEA) and the Memorandum of Understanding Concerning Conservation Measures for
Marine Turtles of the Atlantic Coast of Africa. Loggerheads are also protected under Annex Il of the Specially Protected
Areas and Wildlife (SPAW) Protocol of the Cartagena Convention. Additionally, the U.S. is a party to the Inter-American
Convention for the Protection and Conservation of Sea Turtles (IAC), which is the only binding international treaty

dedicated exclusively to marine turtles.

1.3.10. Diagnostic imaging techniques and application
to reptilian medicine and biology

Reptilians usually show very poor clinical signs of most diseases, and frequently physical examination does not
provide sufficient information for correct diagnosis. Diagnostic imaging techniques such as radiography, ultrasonography,
computed tomography (CT) and magnetic resonance (MRI) are reliable techniques for the purposes of accurate
diagnosis. These techniques are particularly useful in chelonians, due to the physical limitations imposed by the
carapace and plastron, which make traditional methods of clinical examination difficult to use. Although designed
primarily for diagnosis in humans, over the past few decades sophisticated techniques such as CT and MRI have been
more frequently applied in veterinary medicine, especially in small animals, in which they play an important role in the

diagnosis of a range of pathologies.
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1.3.10.1. Radiology

Radiology is the most common and inexpensive diagnostic imaging method used in veterinary medicine,
providing good overall information about the skeleton and respiratory system. However, in the case of reptiles
(particularly chelonians) the overlying shell or epidermal scales normally compromise image quality. Information about
restraint and positioning, body systems descriptions, interpretation and clinical findings in reptiles is available in various
review articles and book chapters on reptile medicine (Rubel et al., 1991; Beymon et al., 1992; Gaudron et al., 2001;
Hernandez-Divers and Hernadez-Divers, 2001; MCarthur et al., 2004; Girling and Raiti, 2004; Mader, 2006). In reptiles,
radiographs are very useful for the diagnosis of bone fractures, osteometabolic disturbance, osteomyelitis, urinary
bladder calculi, pneumonia and swallowing of foreign bodies. Additionally, the radiograph reveals the presence of the
calcified shell of eggs, therefore being an important tool for reproductive studies too (Wilkinson et al., 2004). In turtles,
radiographs have been used to verify swallowing of fishhooks (Hyland, 2002; Alegre et al., 2006) and to evaluate the
digesta transit time in animals with presumptive diagnosis of intestinal obstruction (Di Bello et al., 2006).

Most high-capacity radiographic units can be set to produce good quality radiographs of reptilian patients.
Three standard views are used to examine chelonians: dorso-ventral (top-to-bottom) using a vertical beam, plus lateral
(side) and cranio-caudal (head-to-tail) using a horizontal beam. According to Silverman and Janssen (2006) and
Gaudron et al. (2001) the dorso-ventral approach using a vertical beam is recommended in reptiles to evaluate the
digestive and genitourinary systems, axial and limbs skeleton, and carapace and plastron (in chelonians). Of all reptilian
patients, chelonians are the least difficult to restrain for radiography. They tend to lie quietly on the film cassette, offering
no resistance (Riibel et al., 1991). The dorso-ventral view is obtained by placing the animal directly onto the film cassette.
Since small chelonians tend to move off the cassette, adhesive tape may be attached to the rear edge of the carapace;
the head and limbs should be extended out of the shell so that the limb structures are not superimposed on the internal
structures (Siverman, 2006). Because chelonians have no diaphragm, in lateral and cranio-ventral views the head of the
x-ray machine should be adjusted to give a horizontal beam; this allows the animal to be examined in the upright position,
preventing the intestines from descending into the lung area and thus obscuring the view of the lung fields (Silverman
and Janssen, 2006).

Mammography radiographic units, which provide better detail and resolution than standard radiographic
equipment, may also be used for the radiography of reptiles (Hernandez-Divers and Hernandez-Divers, 2001). De Shaw
et al. (1996) compared the use of various radiographic techniques in sand boa (Eryx colubrinus loveridgei), bearded
dragon (Pogona vitticeps) and red-eared slider (Trachemys scripta elegans). The authors concluded that film produced
using the matched mammography film-screen combination had greater resolution and detail and were superior to

standard Bucky and table-top radiographs in the evaluation of bone and soft tissues.
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According to Jackson and Sainsbury (1992), when interpreting reptile radiographs, as for any other animal, it is

important that the clinician follow a protocol in order to reach a correct diagnosis. The criteria to be considered are:

1. Organ position, shape, size, density and homogeneity.
2. Comparative size of the various organs.
3. State of nutrition of the reptile with respect to the gradation of density between skeleton, muscle mass,

soft tissues, gastrointestinal organs and their contents.

Description of the normal radiographic anatomy is scarce for most reptilian species. Mader (2006) presents
some common body forms and a general overview of the various reptilian body parts, including a snake, a common
green iguana (lguana iguana), Malayan water monitor (Varanus salvator) and a non-specified tortoise. A large range of
anatomic features may be observed over more than 6,000 reptile species; therefore specialized literature should be
made available for each individual species in order to provide normal references and help in radiographic interpretation.

Over the past decade, radiography has also been used in studies of digestive physiology. A set of serial
radiographs has been taken to locate radiodense barium-impregnated pills (BIPS®) or solution (barium sulphate or
Gastrografin®) travelling with food, so as to evaluate the digestive transit time in dogs and cats. In chelonians, digesta
passage time has been calculated using a solution of barium sulphate and Gastrografin® (Di Bello et al., 2006; Meyer,
1998; Taylor et al., 1996), and other markers (Barboza, 1995; Hailey, 1997; Hatt et al., 2002). Digesta passage times in
the Loggerhead sea turtle are unknown, and BIPS® to verify transit, retention, and gastric emptying times have never

been tested in any other chelonian species.

1.3.10.2. Ultrasound

Ultrasonography is a practical, rapid and non-invasive technique enabling real-time visualization of soft-tissue
differentiation. As is the case in mammals, ultrasonography in reptiles has potential applications in the monitoring of
reproductive function (Morris et al., 1996; Henen and Hofmeyr, 2003), disease diagnosis as well as being coadjuvant to
other diagnostic techniques, such as ultrasound-guided biopsy. Sedation is not usually required to scan reptiles, although
several handlers may be necessary to restrain lively large animals (Jackson and Sainsbury, 1992). General information
about the application of ultrasonography and image interpretation in some species of reptiles is provided by previous
authors (Gaudron et al., 2001; Hernandez-Divers and Hernandez-Divers, 2001; Wilkinson et al., 2006; Mader, 2006).
More specifically in reproductive function, the technique is recommended for assessment of ovary activity, and also for
distinguishing between pre- and post-ovulatory egg stasis (Casares et al., 1997). Clinically, ultrasonography has not
been widely utilized in reptile diagnostics, and in research for a limited number of species only. For disease diagnosis,
the liver and gallbladder, kidneys and urinary bladder, any tissue soft mass, ocular and retrobulbar disease and cardiac

disease may be accessed (Hernandez-Divers and Hernandez-Divers, 2001). Size limitation plus the physical barrier
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imposed by the carapace and plastron is a restriction in the case of chelonians. In these reptiles there are few imaging
acoustic windows, the most widely-used being the cervicobrachial and prefemoral. Due to the reduced area of these
points of ultrasound beam access, small-tipped probes must be used. In ultrasonographic examinations of small
chelonians, 7 — 10MHz sector transducers are normally used (Gaudron et al., 2001), whereas in the large ones 2.5 - 3.5
MHz transducers may be needed (Rostal et al., 1989,1990). Doppler ultrasound is widely used in medicine for measuring
blood velocity and is therefore reliable in the diagnosis of cardio-vascular disorders. Use of this technique in reptilians is
relatively new, being used mainly in monitoring patients in comatous or anesthetized conditions (Murray, 2006).

In sea turtles, ultrasound examination has been performed almost exclusively to assess the reproductive status.
Rostal et al. (1994) concluded that this technique is totally non-invasive and significantly lowers the risk to turtles; it
allows accurate measurement of structures such as follicles and eggs, and enables more frequent monitoring of the
turtle’s condition without increasing the stress factor. With a view to clinical practice, there is a need for more information
about the normal aspect, shape and volume of the coelomic structures viewed through ultrasonography to supplement
the current sparsity in the literature. No description of normal ultrasonographic features of coelomic organs and Doppler

parameters of blood flow in Loggerhead sea turtle currently exists.

1.3.10.3. Computed Tomography

Computed tomography (CT) uses special x-ray equipment to obtain image data from different angles around
the body and then uses computer processing of the information to provide cross-sections of body tissues and organs. A
radiographic source and detector rotating around the patient produce the scans that are usually performed in transverse
direction, with 1-5mm slice thickness and distance pre-set by the examiner. Computer programs are able to build 3-
dimensional models of these slices. Unlike other imaging methods, CT scanning offers detailed views of many types of
tissue including the lungs, bones, some soft tissues and blood vessels and therefore has been shown to be a cost-
effective imaging tool for wide range of clinical problems. CT examinations are often used to diagnose pulmonary and
osseous diseases, plan and properly administer radiation treatment for tumours, guide biopsies and other minimally-
invasive procedures, as well as plan surgery and determine surgical respectability.

In reptile medicine, CT has potential application in chelonians because of the limits of physical and
ultrasonographic examinations, and superimpositions in the conventional radiographs caused by the shell. As in other
areas of veterinary medicine, the high cost of the equipment and restriction of use to large animals (gantry ranges from
60 to 70 cm in diameter) limit its usefulness in exotic and wild animals. CT technology is usually available only in
selected medical centers or large referral veterinary hospitals.

Examinations are usually performed rapidly (a few minutes) and in most cases chelonians do not need to be
sedated. Horizontal scans are similar to common dorsoventral radiographs. However, lateral recumbency of the animal

causes displacement of the inner organs (Gumpenberger and Henninger, 2001).
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Since CT enables detailed visualization of bony structures, it is the best technique for diagnosis of skeletal
injuries in chelonians. In a gravid Leopard tortoise (Geochelone pardalis pardalis) with metabolic bone disease, the use
of CT was imperative to visualize a dystrophic calcification of the left hepatic lobe and the presence of preovulatory
follicles (Raiti and Haramati, 1997). Abou-Madi et al. (2004) detected axial and appendicular fractures in a Snapping
turtle (Chelydra serpentina) that were not visualized during plain film radiography. Garland et al. (2002) highlighted the
application of CT in wild animals and recommended the use of 3D reconstruction with volume rendering for expanding
the imaging possibilities in this difficult group of patients. The authors of the study mentioned diagnosed a nodal mass in
the chest, granulomas in the lungs and a ball in the stomach in a Hawksbill sea turtle that showed failure to thrive. In a
Loggerhead sea turtle with carapace fracture produced by propellers, the use of CT and 3D reconstructions and
magnetic resonance imaging of the affected area were decisive in evaluating the extent of vertebral damage and spinal
cord section (Parga et al., 2005). Other pathologies diagnosed with CT scan include pneumonia in chelonians;
abscesses in cranial lung and mid-coelomic cavity in red-eared sliders (Trachemys scripta elegans); urinary bladder
stone in African spurred tortoise (Geochelone sulcata) and secondary hyperparathyroidism in Hermann’s tortoise
(Testudo hermanni) (Wilkinson et al., 2004). Arencibia et al. (2006) have described the normal CT images of the head of
the Loggerhead sea turtle based on comparison with anatomical cross-sections.

Over the past few years, there have been major technological developments in the field of diagnostic imaging,
CT units particularly having been equipped with multiple rows of detector arrays. This new generation technology, called
Multidetector Computed Tomography (MDCT), allows for very fast examinations and more precise multiplanar and 3D

reconstructions, and is therefore an excellent diagnostic tool also for scientific research into endangered species.

1.3.10.4. Magnetic Resonance Imaging

Like CT, magnetic resonance imaging (MRI), provides cross-sectional images of the body. MRI uses a strong
magnetic field to measure the energy released by hydrogen atoms in tissue cell-water. By altering the timing and
strength of the radio frequency pulses, it is possible to detect differences in proton characteristics within different parts of
the tissue. The most widely used sequence is known as Spin-Echo. Here radio waves released are transmitted to a
computer which displays a highly-detailed image showing up any abnormality of anatomy, mass lesions and tissue
inflammation. Images are produced using two parameters based on repetition times, called T1 and T2-weighted images.
Substances such as fat, proteinaceous fluids and lipid-rich molecules produce a bright (white) image in T1-weighted
scans because they show a high signal, with the same bright aspect being produced by water-rich tissues in T2-weighted
images. Alterations in the properties of cellular membranes change tissue appearance in T1 and T2-weighted images
due to intracellular bulk water. Tumours, inflammation, oedema, pure fluids and cerebro-spinal fluid produce black,
T1-weighted image areas (Wilkinson et al., 2004). The primary application of MRI technology had been in the diagnosis
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of neurological diseases such as tumours, stroke and inter-vertebral disc injuries. In veterinary practice, MRI has also
been valuable in diagnosing musculoskeletal diseases and for mapping and staging tumours prior to surgery.

A number of pathologic disorders that cannot be visualized by standard imaging techniques in reptiles can be
diagnosed with MRI (Straub and Jurina, 2001). However, MRI in veterinary is still limited due to its high cost. High noise
levels are produced in the gantry during the 30-45 minute examination during which the animal must be immobile,
entailing the use of general anaesthesia. Although MRI cannot provide images of calcified tissues, bone marrow,
cartilage, or muscle, nonetheless blood vessels and intra-articular fat all show up well, so that it is possible to detect
subtle orthopaedic pathologies (Wilkinson et al., 2004). As in mammals, MRl is the best choice for imaging the nervous
system, being suitable for evaluation of the chelonian spinal cord for evidence of trauma, infection or tumours (Wilkinson
et al., 2004). Image interpretation requires in-depth knowledge of the species’ topographical anatomy and the MRI
appearance of each structure in each sequence. Cardiovascular structures, lung fields, liver, kidneys, urinary bladder
and intestinal and reproductive tracts have all been imaged in detail in tortoises (Wilkinson et al., 2004). Normal
morphological and T1 and T2-weighted images have been reported on mainly in Herman’s, Aldabra and Greek tortoises
(Straub and Jurina, 2001; Ribel and Kuoni, 1991; Wilkinson et al., 2004).

In the case of sea turtles, their size limits the application of this technique. Adults do not pass through the
gantry. Hidalgo et al. (2006) provided an overview of the normal cross-sectional anatomy of the head of the Loggerhead
sea turtle using MR images. Spin-echo T1-weighted MR images of the head have provided details of clinically relevant
anatomy and discrimination of both soft and mineralized tissues. In Green turtles, Croft et al. (2004) described the gross
sectional anatomy and tested the use of MRI to detect internal tumors in animals with cutaneous fibropapillomatosis. The
normal appearance of the coelomic organs of the healthy Loggerhead sea turtle in T1 and T2-weighted images is

unknown.
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2. SUMMARY OF RESULTS AND DISCUSSION

Dorsoventral radiographs taken of the neck and body of 30 Loggerhead sea turtles using analog and digital
radiography showed image distortion or superimposition at various points, due to the natural curvature of the neck and
the shell which hindered the accuracy of interpretation. The pectoral and pelvic girdles were easily recognized. Important
external landmarks included the vertebral and lateral scutes, and important internal landmarks included bronchi, coracoid
bones, caudal border of the pulmonary fields, and the acetabulum.

Bones from the distal part of the fore- and hind flippers were seen in detail in radiographs using mammography
film-screen combination. Pectoral and pelvic girdles, superimposed by the carapace bones, were better seen on the
standard radiographs using rare-earth intensifying screens. Mammographic radiographs of the manus of 5 small juvenile
turtles showed active growth zones. Visualization of bone contours on the distal part of the limbs was clearer compared
with mammals due to the very low number of superimpositions. The presence of a massive cartilage in the epiphyses
produced better visibility of limb-ends.

Ultrasonographically, the fourth and fifth cervical vertebrae, spinal cord, and the venous sinuses of the external
jugular vein were clearly seen through the cervical-dorsal acoustic window. From the cervical-ventral acoustic window,
the esophagus and the heart were imaged. The stomach was more frequently seen through the left axillary acoustic
window. Although the liver could be imaged from both sides, the right axillary acoustic window provided a better view of
the gallbladder. The large and small intestines and the kidneys could be seen in the right and left prefemoral acoustic
windows; the latter were easily identified due to intense renal vasculature.

Computed tomography provided detailed information mainly of the respiratory system and skeleton. With
regard to skeletal structures, multiplanar sagittal reconstruction of the vertebral column enabled evaluation of the
vertebrae and vertebral canal. Three-volume reconstruction renderings of the carapace and plastron provided a detailed
view of respective bones. Clinically relevant organs including the oesophagus, stomach, trachea, bronchi, lungs, liver,
gallbladder, heart, spleen, kidneys were also identified in CT images. In the neck, the topographic relationships between
oesophagus and trachea at each cervical vertebra were identified, and the tracheal mucosa could be inspected using
virtual bronchoscopy. The morphology of the lungs, bronchi and pulmonary blood vessel could be clearly seen.

As for the MRI study, the general view on the 3 oriented planes (sagittal, dorsal and transverse) provided for
good understanding of cross-sectional anatomic features and their identification on T1 and T2-weighted images.
Likewise, major anatomic structures such as the esophagus, stomach, lungs, intestine (duodenum and colon), liver,
gallbladder, spleen, kidneys, urinary bladder, heart, bronchi, and vessels could be imaged in detail principally in
T2-weighted images. It was not possible to recognize the ureters or reproductive tract due to their small size.

The use of diagnostic imaging techniques in Loggerhead sea turtles involves certain aspects that should be
considered: they include costs, viability, equipment and logistics, applicability to the diagnosis, time invested and the

effects of handling on the patient’s health status. Some imaging techniques, such as conventional/analog radiography,
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are often available in small veterinary clinics and even in some rescue centers. A portable x-ray apparatus in this case
seems to be most recommended for sea turtles since different views may be obtained by moving the machine around the
animal and adjusting the x-ray to provide a vertical, horizontal or oblique beam. In more specialized centers and in some
veterinary hospitals radiography has already been improved with the advent of digital systems. In this study we have
used two systems (analog and digital). To assess the coelomic cavity structures we have used 55-70Kv and 100 mA with
a 0.2-second time exposure. Due to the low respiratory frequency observed in this species, the long exposure did not
cause motion artefacts, and provided satisfactory contrasted images. Obtaining the same radiographs with the digital
system had the added advantage of enabling adjustment of the brightness and contrast settings on the monitor screen
before impression, thus avoiding unnecessary repetition of the x-ray. As to radiographs of the limbs, betters results were
observed when the conventional system was performed using mammographic film. Because of the small size, thinness
and low bone density of the flippers of juvenile and subadult turtles, mammographic film was more suitable for
visualisation of bone structures in detail. Radiography is the cheapest diagnostic imaging method, examination time is
short, and no sedation or anaesthesia of the turtle is required. We recommend its routine use in marine rescue centers
because it is the best method for detecting the presence of a swallowed fishhook and for evaluating skeleton integrity.
The drawback with this method is superimposition of the internal bony structures over the carapace and plastron, which
may compromise diagnosis in some cases.

The second most-affordable technique for rescue centers is ultrasonography. Many portable models are
available. Ultrasonographic examination of Loggerhead sea turtles was very useful in evaluating soft tissues such as the
heart, liver, kidneys and intestines. Once access points to the organs and the topographic anatomy are known (both are
reported in this work), examination may proceed easily and rapidly. The method has proved to be safe, with the added
advantage of providing an overview of the organs functioning in real time using only physical restraint. More particularly
in sea turtles, an ultrasongraphic scan of the gastrointestinal tract provided detailed visualisation of the normal
appearance and thickness of layers of the intestinal wall, as well as identification of small and large intestines. This is
important since most disorders found in injured sea turtles are fisheries-related and are caused by swallowed fishhooks
or monofilament lines in the intestines that produce a range of types of enteritis including intestinal necrotising enteritis
associated with intussusception (Ords et al., 2004). Because chelonians have few body parts not covered by the
carapace or plastron which are internally limited by the bone of the proximal end of the limbs, the spaces of the acoustic
windows are very small, thus limiting the scan to one plane. Other drawbacks include low ultrasound beam penetration in
turtles with large amounts of fat in the subcutaneous tela and gas in the lumen of the gastrointestinal tract. In this study
we used 5.0, 6.0 and 7.0 MHz sector phased array transducers. To assess internal organs, such as the heart, liver and
stomach in large subadult turtles, lower-frequency transducers than those used in juveniles are needed, and in general
they produce lower-resolution images. Lungs cannot be examined with this technique.

The use of computed tomography and magnetic resonance requires substantial logistical support, currently
unavailable to small veterinary centers because of the price of equipment and the specialized facilities in which to house
it. This does not mean that these techniques are not suitable for sea turtles, but rather that the trade-off between the cost

and effects of handling and transporting the sick turtle to a specialized center and the need for an accurate diagnosis
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must be considered. Arrangements between diagnostic imaging and rescue centers may be one way of making
examinations financially viable while providing support for scientific research in return. In specialized human centers the
two techniques are often available, and if so required may be performed consecutively, entailing less handling of the
turtle. In this study we first carried out an MRI scan of the turtles under anaesthesia for as long as 50 minutes. This initial
scan was followed by the faster (under 5 minutes) CT examination. Information obtained with MRI is different from that
provided by CT, and its use is indicated in special cases in which the diagnosis cannot be established with radiographs
or ultrasonography. For instance, a CT scan followed by a MRI examination could be strongly recommended in turtles
with carapace fractures displaying neurological symptoms. Carapace fracture - caused by collision with boat propellers -
is one of most common causes of sea turtle admissions (Pont and Alegre, 2000; Parga et al., 2005; Ciampa et al., 2006).
The multiplanar and 3D reconstruction of the spine in these cases provides detailed indications of the vertebrae affected
and the extent of the fracture, whereas T1 and T2-weighted MRI images will show integrity of the spinal cord (Parga et
al., 2005). Computed tomography is also indicated in those animals with suspected pulmonary lesions such as those
related to abnormal buoyancy, pneumonia, oedema or presence of pulmonary fibropapillomatosis (Oros et al., 2004;
Jacobson, 1997; Croft et al., 2004; Garland et al., 2002). Additionally, the oesophageal walll, plus the hepatic, splenic and
renal parenchyma and vessels are better visualized using MRI, as has been shown in the present study. This finding
could justify the use of this technique in helping in the diagnosis of certain pathologies which to date have been identified
only at necropsy, such as necrotising and multifocal granulomatous hepatitis and splenitis, as well as the presence of
internal tumours (Oros et al., 2004; Ords and Torrent, 2000; Croft et al., 2004).
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3. CONCLUSIONS (in portuguese)

1. Tanto as radiografias convencionais utilizando filme standart e chassis de terras raras como as radiografias
digitais proporcionam uma boa visualizagdo das estruturas Osseas da regi@o cervical e da cavidade
celomatica, incluindo os ossos do plastrdo e carapaga. No entanto a Ultima permite otimizar o tempo
empregado na realizag&o dos exames. Em ambos os casos, a visualizagdo das ultimas vértebras cervicais e
dorsais esta comprometida pela curvatura normal da carapaga e sobreposicdo com 0s 0ss0s pelvianos,

respectivamente.

2. A radiografia convencional usando a combinagdo de fime e chassi para mamografia apresenta melhor
detalhamento das estruturas 6sseas da extremidade distal dos membros do que aquela obtida pelo método
digital. Ao contrario, a extremidade proximal dos membros € mais bem visualizada em placas standart com

chassis de terras raras ou usando a radiografia digital, porem utilizando kv mais altos.

3. A ultrasonografia € 0 método de elei¢do para avaliar o funcionamento do coragdo, parénquima hepatico,
vesicula biliar, rins, bexiga e intestino delgado e grosso, através de 4 janelas acusticas, que sdo: janela

acustica cervical-dorsal e cervical-ventral, cervico-braquial, axilar e pré-femoral.

4. A tomografia computadorizada tem grande potencial para diagnosticar patologias que afetam o sistema
respiratério e esqueleto solucionando os problemas de superposi¢éo das estruturas esqueléticas que ocorre

nas placas radiograficas.
5. Aressonéncia magnética proporciona imagens excelentes da maioria dos 6rgaos internos sendo de grande

valor para a inspecéo detalhada das estruturas anatdmicas. No entanto, a técnica esta limitada a tartarugas de

tamanho pequeno (até 40 cm de SCLmim), sendo necessario anestesiar o animal.
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4.1. CERVICAL AND COELOMIC RADIOLOGY OF THE LOGGERHEAD SEA TURTLE
(CARETTA CARETTA)
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Cervical and coelomic radiologic features of the loggerhead
sea turtle, Caretta caretfta

Ana Luisa Valente, Bafaela Cuenca, Maria Luz P';IFH!]_. '.:“i-'.ll'lli:'IE"Li Lavin, Jordi Franch, 5gnaﬁ-i Marco

Abstract

Many investigators have undertaken mdiclogic studies in chelenians, However, descriptive papers focusing on the radiographic
anatomy are limited to only a few species. The purpose of this article & to provide the normal corvical and eoclomic radiographic
AppATAnCe of the baggerhead sea turtle (Corelte carettal, in the domoventral view, and to indicate useful landmarks to identify
internal anatomic structures, Dorsoventral radiographs were taken of the neck and body of 1) loggerhoad sea turtles by means
of analog and |li5i14| rill,lil;,HFI".l.Fl hy. A4 various points, distortion or superimposition of images dug 10 the natural curvature of
the shell hindered the accuracy of Interpredation. The pectoral and pelvic girdles were easlly recognized. Imporiant external
landmarks included the wertebral and lateral scutes, and imporant infernal landmarks included the bronchi, coracoid bones,
the caudal border of the pulmanary ficlds, and the aselabulum,

Résumeé

Plugfeurs cherehears ont entrepria des Rwles rcliologiyues cher e chifimmens, Tovtefos, les articles descrptife portand aer lanatosm
racdiogrplepue sont limeés @ snbmumt quelques espioes. Le but dw peéeent article et de fourner Papmerenes radrograpliquos cermicale o
coelimtgue sorinale, e pae dorso-pentrale, de lo camamiiie (Caretta caretal of diudiguer les repdres ubiles pour aleatifier les slructire
atrsafomrinpues a_‘:nfm.u‘:,n Des rauforgrapioies dorso-menlrales du cou of . corpes de 30 coommrmes ond A€ preses d Uivde de radiogrioes analogupues
o digifoles, A cerlaims endrorts, woe distorsion on wne siperposition dis fmages cousée per b cowerbiere maderelle de [n corapace imlerfére
e i predeisiom de Uinterprdation. Les gmines pociorale of pelivoome Safent focilonen? recorpurizaehlioe, Lis repeéves axfermes inmporianis
frclumisart bes ecitelles certébrale & lnterole, #f bes nepénes miternes mportants melusiemt les froiches, bes o8 corscondes, be bord candil dex

churstrges puilstioreieres o Dacdbalmliern.

Introduction

Hr:p-h.han ‘-l‘lﬁ'iﬂ often show the ame nnm—]‘ﬂ'i.flr sympioms
with a varety of discases. Kadiologic sthudies in chelordans have
been daseribed by many authors (1-7), Howaver, owing 1o the great
variability of spacses, papers dealing with radiographic analomy e
Jimmvitesd 80 2 representative number of species of sach arder of Bedie
{8k In gea furtles, maumatic inparies of the shell and the ingestion
of fishhooks are the most frequent causes of wbmizsion bo marine
amimal rescus cenbors (9. [n mest cases, phvsical examinabion does
ned give sufficient mformabon, and dorscventral radiography is
wusually the et oplion as am ancllary fest to determine the diagnoss
(11 Badiography gives a good overview of the skeletal system amal
im s turiles ke the mast inexpensive and noninvasive mathod bo
detect ingesied fishheoks and fraciumes (7). Nevertheless, as with
many chelonian species, the inage i$ oflen compromised by the
overlying shell, which makes adcurate interprefation difficudt i
the standard radicgraphic features are nod well known, Detailed
radiographic studies focusing on endangered sea baribes, aech as the
loggerhead (Caretfa carefli), have nol been available in the scentiic

Trluw puir Dhocteur Sege Mesier b

literature and are needed ae referenoe material for aquarivimes. and
marine-apimal pescue conlers,

In medicine, anatomic landmarks are used 1o indicate the loca-
thon of Biologic features (110 True landmarks are placed acoonding
to o Melogie hypothesis of equavalence, or hemology; pseusdo-
lapdmarks are placed on a susfaoe according to a mathematical
e, such as g series of pui.'n.'l:. distribuied L"\.'m.'llh' -l|-ilt‘|E a given
surface (120 The palpable external anatomic lindmarks woally
emnploved b vetertnary medicine, sisch as the xyphedd tip, costal
arch, inkercostal spaces, and coxal tubercsiby (13, are not help-
ful in chelomians becanse their kody is profecied by a rigid shell
Radiographic anatomic landmarks could hilp the inlerpretation
of x-ray-film images of sea turiles and provide better determi-
nalion of the diagnosis when other imaging modalities are not
available.

The purpese of thas inveshigabion was o provide the normal cer-
vical and coelomic radiographic apprarance of the loggerhead sea
Furle, i the domsoveninal view, as well a3 olber weful landmarks,
o albow for the corralation of ghell sostes with inbermal analomyic
slrCiLres,
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DIAGNOSTIC IMAGING OF THE LOGGERHEAD SEA TURTLE

Materials and methods

Dorsoventral radiographs were taken of the neck and body o
15 puvenile and 15 soladul h.@ﬁur!u‘.ld sy burtles: 17 were alive
and 11 dead. All had been .|.|::'|dnnr.ally r.ulghl in p-:lﬂr.ir I.l!lﬂFllrbl,l
sets and fishing nets along the porthwestern Mediterranean coast
3L b 42735 moeth and 0732 b0 3710 east), Juvenibe ertles were
considered to be those with a niinimun straight carapace lengih
(= Lmin} of 21 fo 40 cm and subadulis those with an 50 Lmin of
41 tohd cm {14 Live turtles were bemporally housed in the nehalbili-
tation facilitics of the Rescue Centre for Marine Andmals i(CRAM ),
Premid de Mar, Barceloma, Spain. Only clinically normal animals
wene inelucled i the study,

Mo sedation was necessary for the examination. The animals
were manually restrained. blindbolded. and positioned in ventral
recumbency, At least 2 dersoventral radiographs were taken of
each turtle. Analog radiography was performed in 14 animals and
digital radiography in the other 16. Tabletop images wene taken with
a Kotanode x-ray tube (model E7239; Toshiba Electron Tubes and
Dhevices Company, Tekyo, lapan) af a fecal distance of 68 em. Analog
radicgraphy was performed with medical x-ray films used for
mammography (LM-5A he, 24 = W0 emi and & Fujl AD-MA screen
(LM MAMMO fine) and with Super HEZGI films 30 X 40 cm and
rarg-carth intensifying soroens (Fug BCD 30 40 cmd, all from Fuji
Plhusto Film Company, Tokyo, fapan, The radiographe were digized
on o flatbed seanmer at o minimum resolution of 300 dots per inch
Crgital mcdiography was performed with a digital flat-panel detecior
system (Fogius eassette 14 2 17, Konjea Mineles, Tokvo, Japan] and a
Regius CR reader tmeded 1700, All images were analvied with Adobe
Photoshop, version 5.5 (Adobe Systems, San Jose, Californda, LSAL
normil and Inverbed (pegative) images were comparsd.

To correlate the external scutes with Internsl structunes, we painted
the unien limes among the carapace scutes of 6 dead turtles with a
radbo-opaigue: product (anticormosive paint with red lead oxide)
bedore the radiogragehs were taken, Addibionally, 3 dead burtles wene
injected with a sodution of bardum sulfate (Bario-if Suspension, Bovi
S, Madrid, Spaln via the femoral vein to show the position of the
kideys, To visualize the fugular venous sinus and the lange-dntestine
position, 2 other dead hurtles were injected with the same contrast
agent via the pegular vein and the doaca, respectively. The anatomic
terminology applicd correspends i that of the Nomirr Anatomrien
Veterinaria. However, specific terminclogy for turthes (15) and <08
turtles (16) was also applied.

Im the cervical region of the vertebral column, only the first
3 vertebrae were chearly Imaged. The dth cervical vertebra was par
tally s¢en Bocause it s just below the oranial edge of the carapace
{Figure 15 The contour of the 5th, Gih, and Ttk cervical vertebrae
ool mot be visualized. Although superimposed, the contowr of the
verbebral arches of these vertebrae (Figure 28 could be identified in
the juvenile furtles, The 100 dorsal vertebrae that form the carapace
were visible, with a slim body, slightly broader in the extremitics
because the artsoular surface oppeses he bead of the rits (Figure 38,
The verbebral bodies wem scen bo be elongated from the 2nd o the
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Flgure 1. Dorsewendral redographic view of the cranlal end of a subadull
laggermesd ss8 turtls, 1 — mtiss; 2 — nxls; 3 — 3ed eavieal vartaben;
4 — 4th ceivical veilebra: § — Uiached! B — bell bipnchas: T — il
heanchus.

Flgues 2. Deasovontral mdiographle views of subaduit lopgetsad sea turibes
[ and B} and a ventral wew of an adult loggeread sea tarile’s skebston,

In Indleate the reapactive dosusl vartebems. A: 1 — bos-
chus; 3 — spiplastren; 3 — pul y blood du; 4 — Id bons;
5 — scapula; & — acromion; T — area of high radicdenaily krcamise of
supsrimposition of cesecas structures. (: 1 — cervical vertebral amches
[supedmposad); 2 — aoromion: 3 — soapulaz 4 — trachea. The cranial
ordet of the pulmonary Nelds |3 dellmeated. T 1 — scapula; 2 — sctomion
3 — eorscold bese] 4 — 13t pale of fbs; § — 2nd pale of rbs; 8 — henens
T = 12th cervical verisbry; B — loniasslla,

fh dogsal vertebras, The body contour of the 7th and Sth dorsal
vertebrae was nod clearly visable, In the costovertebral joints, from
thie Ath bo the Dtk dorsal vertebeac, ench rib head was seen o be
slightly coudal to the junction of 2 vertebral bodies (Figune 240,
Thie intervertelsral space was viswalized as a very fine and diserete
riidlipliscen® B, aned '|Iu-',|i||I Btwen the diskal end of thae rils and
the peripheral bones was elearly visible when mammagraphic film
or digital eadiography was used (Figure 3B). The 1st pair of nbs
wiis soen b be very chose to the Ind pair. and the nbs were slimmer
(Figure 38% The 9th and 10th pairs of rits were inconspicucus bul
seen caudal to an imaginary Line transversely crossing the acetabu-
lam. The Sth rils was seen io be short and caudally curved apd ihe
10th rib shorter, pointed, and foating (Figune 45, The subures between
fhve prieurad bomes wene easaly identified on plain filme o ransverse
radiclucent lines in the middle of the intereestal spases (Figure 30 [n
2 small puvenibe turtles this suture was widely opem. The Fontanelbes,
their intercostal spaces mod ossified in the distal third of the ribs, were



L1

Flggure 3, Dgttal dorwoventral mdlegraphlc views of the caragace of a fuvenile loggerdmad
#ea turtle of minlmwm straight carapsce lengih (SCLmind 23 om (&) and o ssbadalt of
Silmin 54 om (B}, Schematho dawing indioates ibe extemal scutes. & 1 — widely
opened fontanele. B: 1 = partially casified fonEanele; 2 = |cint between rib and pedph-
wral bons; 3 — 189 pslr of ribs; 4 — sutures betwesn the pleuml bones. FASman Femesr-
@l Indlgate the reapective dorsal verlebaas, C1 b — lateial souls; ni — nuchal seuts]
v — vertebal scute; ms — muaginal scutes.

_f‘l =
& { o
I F'ﬂ.l:'h 5

Figure &, Mogative image of the dorsovental rediographic view of the pelvis of o sebadult
bopeihisd daa turtls (8] nd i0s nterpated dearwing (B) and the vential view of & ikeletal
petvin (C). A= sreew Indiextes 5 Bshhook in the rectum. @ and C: 1 — Gih doraal vertabra;
2 — labaial puble preceds; 3 — xlphiplastion; 3 — ischium; 5 — Bem; § — 2th pait
of fbs; T — 10th palr of dbs; 8 — transverse process of the 1st sactal vertebm;
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B — Tl pair of fibg; 10 — caudal borded of the Aght pulmonary Reld.

exfensvely opened inall the hurtles, but partial cesification was vis-
ible in 1 large subad ult turtbe (SCLmin 61 cmd (Figure 3,

The painbed cutline of thi soutes was chearly visibbe in thi radio-
graphs. The images showed that the external keratinized scutes did
nod coimcide with the ploural amd newral bores. (Figure 3. Each of the
5 wertebral seubes except the first amd st (which are more casdal)
completely covered | dossal vertebra and half of the bedy of the
preceding and iolkvwing vertebrae, and each Latoral seute covered
2 pairs of rbs (Figure 3. A difference in the ratio of length and
width of the verteheal soubes was observed between the juvendle and
subadult turtles, the scubes Lu'irq; wider than Lﬂﬂh’ﬂ in the formeer
[Figurl' 31 Thae u-l.ﬁumnhlp betwwecen the vertelral and lafteral scubes
and the esseous strscture of the adal skeleton was comtant and pro-
portional in all of the turtles studicd, independent of their size. The
3 sacral verbebrae were observed st below the Sth vertebral seute.
Their bodies wene shorter than ihose of the last dorsal vertebrae and
showed a spatula-shaped transverse process anticulating with the
ilium (Figures 4 and 51 These veriebrae were not clearly visible in
th juvenile wriles, Caudal vertebrae were variable in numlser.

Tht pectoral girdle was eisily recognized in all Rlms, It is formed
by a umien of 3 bony sbruclunes: scapula, acremion, and coracoid
bone. These structures are joinbed, forming about a 7 angle
[ﬁgumlf_"l. Tha acromion wis seen b be :4.1r|1p{rh'_'|:.' pesified b
thar uraFuI.'l, Fvlming a url.HI-u bome, and was idenbificd s the most

cranial of the 3 bones, follkvwed caudally by the scapula (Figure 283,
which articulabes with the carapace near the 15t dorsal vertebra. The
Y-ahaped structure thus fermed is positioned horizontally on each
side of e axial skeloton, just below the 15t vertebral seube, where
the superimposition of the image of the cervical veriebrae forms
an undefined contral padio-opaque area (Figure 2A), The coraeedd
bomi, caudal o the shoulder gine, has a flater and wider shape a
its ennidal end (Figure 20 In all the mrtles a radialucent line could be
=en 3t the union of the coraceid bone with the seapula.

The pubiu amd ischinem form 'r'.‘1|,~1.'|:u|lr.1!|:,.' [uhitilmi:u't part of the
F‘I."'I.'i.'\-, which was |111tc|-|.'.lrl_|.- visible in the r:diuguphh lah.t'n.ﬂnl:v
the lateral pubic proovss and the articular end of the pabis could be
clearly identified (Figure 43, The ischium was identified as an osse-
ous bridge jining the acetabulum side to side. The image of this
bone was usually superimposed by the silhouetee of the Sth dorsal
wertebra (Figure 4. The dium was seen o be oriented dosoventrally,
artbculating with the sacral vertobeac, which were easily recognized,
as were the articular surfaces of the acetabwlar cavity (Figure 33

Th peimt between the epiplastron and the hyeplastton was seen
im thee 120 thind of the bertle's Body a2 an oblique radiclecent Line
crossimg the coracokd-acromion angle (Figure &) The entoplasinon
coubd not be recognized owing to the great superimposition of the
lask cervical vertebrae. The suture between the hyoplastron and the
h:,rpqﬂmmm weaes viedblis nf the level off the Sth P.u'r of ribes (5eh dorsal
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DIAGNOSTIC IMAGING OF THE LOGGERHEAD SEA TURTLE

Figere 8, Domoventmal mdadraphic vews (A to D} and anatemic diswectivon (E and F)
of subaduit lopgerhesd soa turtles. &: renal vasculature injected with confrast
e 1 — ilise veing 3 — cicumilag [lao veing 3 — 480 costal scite) 4 — dih i
tetanl soote. B 1 = kidnay positions; 2 — sdces vertahrae] 3 = cundal vertabine;
4 — rghi pulmonary Beld. C: dorsovenil view of the cranlal half of 5 deod juvenils
Iegerhend sen tarile Injected with conbrmst ajent: the beart posiiian s dellnented:
1 — winus of e jugalar veln] 2 — l6ft alelum] 3 — right atriewc 4 — ventricls;
5§ = kedt hepatio kobe; O = dghi hepatic lobe; T — scapula; 8 = cormcold. Snaall
anows Indicate the jugulsr vein and the hegalic weins. White anow Idicates a
fisshook, [ and F; 1 — descending colon (enlanted in D by contrast injestion);
2 = wrinary bWadder; 3 — ol o | wiow of & di tartiez 200 T =
BAEE PUUCEURE R S0 ABDWT (A ) 9 — kidaey,

vertebral |!'|;,1un-|'|:- The \|ph|[~l.'|-.1mr| images were super mp'rq,lr!
with the images of the pubic bones, which produced seme image
distraction i Figuare &1

The posstion of the heart was recognieed in redabion bo the skeleton
and the sinus of the pagular vein m the dead andmals inpeted with
barmum =o|ution l:]'-|:1:|n*- S5C and 5Eb. The heart was belween the
15t o 3rd interocstal spaces, im Ehe irlangular area delimeabed by the
coracoid bone and scapula (Figure Y0k and thus af the level of
the 2 vertebral soute, The traches was casily identified on the left
Side of the cervical column (Figure 1), and it bilurcation to form
the 2 long and extrapulmonary bronchl was visible at the kevel of
the 2nd dorsal vertehea lF:iJ{IIn' 21, The entrange of Bh rIJ:l'Il and
beft beromchi it the Jungs was identified 2= 2 circalar radioducent
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areas ab the leved of the 1st dor=al veriebra |Fp[_';|m_-=. I amd 21, The
pulmanary fields were very clearly imaged inall 17 live turtles and
wxbended From the sk bo the Sth demsal verbebrae. Although % of the
turtles had symmetric lung fields, slight asymmetry between the
right and left fields was observed in 8 urtles (Fagures 2A and 5B}
Thar pulml'-lurg,' vascuabme was ulr!,'n.lhl.'r.rnh_nmi thi I'.|r|:|,-p|||m|\
nary artery and vein were seen supenimposed. They extended lon-
gitudinally in each lung (Figure 2AL and the collaberal vasoulabure
Wis Phh.pm-nlly wenkiticd.

Visceral cosdomic struciural detadl was often poor, and, in general,
the clinkcally imyportant organs, such as stemach, intestines, lver, and
ki:!nl_'p., were ek |||'|..1;.:1'el. H.mliu-u]:.npu- goptents such as mollisk
shiell= and Fishhooks I_FIF;IIN 4AL and even hnp,--h_-.i coarse samd,
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Figam B Nepstive imags of ke dsanovant ral eadiapraphls view of the whels bady of 8 lag
gethead sea lurtle (A) and ils leipreled drawing (B and & venlial wiew of the plastion
bonves (G B 1 — humerus; 2 — epiplasiron] 3 — conaedld bone; 4 — sulure belween
the hypeplaston and the wipbdplastron; § — 2nd dorsal vertebra; G — dth dorsal vertebra;
T == 3rd pair of iba; B — suture babwesn the pheaml bones; § = scapuln; 10 — sormice;
11 = yuture batween the Byoplastion and the bypoplastion; 12 = hyoplasiros; 13 = hypo
plastron; 14 — alphiplastren, €: 1 — epiplastoon; 2 — endoplastren; 3 — hyeplastron;
— alphipd

4 — hypopl 13

were identificd in the gastrointestinal tract of some clinically healthy
purthis. Brtesstimal loops were recogniced when filled by radio-opague
diggestive combent or luminal gas and were inberproted as normal,
Radio-copacque contrast mutersal mpected via the dosca in dead turths
allowed visualization of the cawdal part of the large intestine and
wlenhification of the unnary bladder (Fagures 513 and 5F)L

The position of the kidneys was recognieed only one their vasou-
Labure wirs flled with umlr.L\lnHt'nrlFigun-.. 54, 5B, and SEL 'I'hl':‘r
wore seon ab the levol of the Sth o 10th dorsal vertobrse, below the
dib vertebral scube and the dth and Sth beft and right lateral soutes,

H.ii'll.‘lﬂmiﬂlf.—' ia i wiselial Bosod o I!h’l,HIII.H" alisass=s of the skelebon
and alimentary disorders in reptiles (10, In chelonians, pulmonary
d e, nueritionasl ssteofibrosis, Fracihees, L‘l}'\l-l'q:l.'l_. and .1E|r|11-|'|r.'|.|'!.I
clstructions are the most important indications for radigraphic
diagnosin (71 According to previeus studies €3, dosoventral
raaliographs are the most suitable views for evaluabing mapor organ
sysbems in chelonians, Tn thes study, we have verified that with
careful adjustments to the kilovoltage potential (EVp) and the
milliamperage-seconds (mAs) i is possible o gaim much valuable
infoamotion from domsoventral nrlm-e:raph}- in hwﬂ'hl,-m'l s harthes,
Diigital radsography improves contrast and makes these adjustments
casier. Inreptiles, images produced with the matched mammegraghy
film-screen combination have greater resolution and better detail
than standard tabletop radiographs (1L The film-sereen combination
was not a5 wseful in evaluaking eoelomic structures in loggerhead
wea lurtles as in other chelonian species cwing ke the small screen
size and the great thickness of the turtle’s body, as well as the high
radicdensity of their ossepus structunes, which made it necessary i
increase the K b obkain miore penctrability, thus causing loss of
comtrask. In addition b the use of digital images, the adjustment ke a
Regative view was a reliable way of having c=sibied structures stand
ok, which made the recognition of the skeleton easier.

s a result of the variability of radiodensaty in the different tis-
swes and parts of the body, it was necessary to increase the kY in

the: cxamial third of the carapace and decrease it im the candal thind,
{iL-m-f.l]I_v, individual identthcation of the vertebral bodies in the
chelomians was difficult becwse of the superimposition of their
images with those of the peural bones of the carapace. In addition,
the interveriebral spaces dintercentral jointsh, casily recognized on
racliographs i mammalian (17} and other reptilian species, & seen
in chedomians as a very niarrow and descrebe rasdslwoent Line that can-
ek by cIL-.an:.- imngﬂl if a switable l:"-'pi- nok wsed. I hrlql.' burklis,
wi recommend taking mdiographs by sectors and using amatomic
lamdmarks that allow spatial location of the affecied aress, minor
distortion or magnification, and better setupof the sdjustments,

[n dorsoventral sereening of the turibe's body, one must take inbe
acount the detortion cisesd by the natural carvabures of e body,
which ane seon af 2 poinks in the vertebral columa: the S-chaped
curvature of the cervical region, which causes ihe superimpasitien of
i aof theie Seh s Skh corvical vertobrae, and the ventral flegion
of the vertebral column from the Gth to the 10th dorsal vertebrae,
which produces distortion in the kngth and partal superimposition
of images of the verteliral bodies,

Enavivled e of the relationship between the external scubes (used
a5 exchernal bandmarks) and the vertebral column allows for officient
radiographic evaluation of Fraumatic imjuries of the carapace, mainky
thaosr cansed I1:,.' pmiu.-lln,m that affect the vertebral column amd
cause pearclogic symptoms, once the injured vertebrae have been
accurabely klentified {15k

{iher anatomic landmarks useful in interpreting radiographs
of the loggerbead sea tartle include the bronchi, coraceid bones,
candal border of the pulmenary fields, and acetabulum. Unlike
that in most species of chelenians (13, the pulmonary field in
healthy loggerhead sea rurtles was easily identified in the dorso-
veniral wiew, Although in chelonian medicine, lateral and cramio-
caudal views are the most informative in assessing. pulmoenary
disease (709, these views are often limibed in the loggerhead sea
turtle awing bo the Large size and high radicdensity of the body
Drarspventral views are of reliable value because they allow elear
recogmition of any alleration in form. size, or appearance of the
pulmanary field.
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The mverphologic differencis observid in U burlle's pelvis (15)
as compared with a mammalian pelvis (200 should be taken into
dceaint be aveld misinlerpretation in identifying the pelvie banes. In
m]UHEL'Th("HI] sy lartle, the ]:u'lis 1% visible cramdal b fhe acetabii-
ham, in a position analogous b that of the mammalian ilium, the
schdum g5 visible in a position analogous 1o Ul of Hee mamamalian
pubis, and the Bium is visible caudal to the acetabulum, in & position
analogouws o that of the mammmalian schium.

In conclusion, we have presented the standard radiclogic appear-
ance af the cervical and coelomic sirsdiares of the loggerhead &2
kurtle b bl clinidians in ¢ valuating radicgraphic abndmnalitics,
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Abstract

This study aims to provide the normal radiographic anatomy of the limbs of the loggerhead sea turtle (Caretta
caretta). Dorso-palmar (-plantar) radiographs were taken on the fore- and hindlimbs of 15 juvenile and 15 sub-adult
loggerhead sea turtles, 17 alive and 13 deceased. Additionally, computed tomography (CT), gross anatomy, osteological
and histological studies were performed on the limbs of 5 of them for comparison with radiological findings. Bones from
the distal part of the fore- and hind flippers were seen in detail using mammography film-screen combination. Pectoral
and pelvic girdles, superimposed by the carapace, were better seen on the standard radiographs using rare-earth
intensifying screens. Mammographic radiographs of the manus of 5 small juvenile turtles showed active growth zones.
Visualization of bone contours on the distal part of the limbs was clearer compared with mammals due to the very few
superimpositions between them. The presence of a significant cartilage in the epiphyses produced better visibility of limb-
ends. We have concluded that the use of mammographic film-screen combination is the best mode to evaluate the bony
and joint structures of the fore- and hindlimbs of juvenile and subadult sea turtles. Radiographs provided reliable images
for clinical purposes. Considering the low cost and logistics of this technique it is one of the more practical ancillary tests

that marine animal rehabilitation centres can use.

Keywords: radiographic anatomy, loggerhead sea turtle, Caretta caretta, limbs, diagnostic imaging.
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DIAGNOSTIC IMAGING OF THE LOGGERHEAD SEA TURTLE

Introduction

Sea turtle populations have declined over the past few decades due to human activity. Boat-strike injuries,
entanglement in fishing nets, the swallowing of hooks, fishing lines and crude oil are the main causes of sea turtle
mortality around the Canary Islands and in the Western Mediterranean (1, 2). The loggerhead sea turtle (Caretta caretta)
is listed as endangered (3) and is the most common species accidentally caught by fishing activities in the Mediterranean
Sea. Juveniles and subadults are most commonly caught and most animals rescued from fishing nets have some degree
of limb trauma which occurs when turtles become entrapped in nets, leading to strangulation of extremities (2). Once at
the rehabilitation centre, proper physical assessment should be performed as should a minimum standard database
including blood analysis and radiographs (4).

Different imaging methods are available today for veterinary practice. However, normal radiological parameters
are scarce for most free-ranging animals, including sea turtles. Previous authors have reported radiological techniques
applied to reptile species (5, 6, 7, 8, 9, 10). However, due to the wide morphologic variety of reptiles, further knowledge
of the normal radiographic anatomy in a particular species is required.

This article forms part of a wide-ranging study on diagnostic imaging of the loggerhead sea turtle, its purpose
being to provide the normal radiographic anatomy of the limbs of the loggerhead sea turtle. We have combined
radiological information with computed tomography, osteological, gross anatomical and histological data of the

apendicular skeleton of this species in order to provide useful information for increasing relevant clinical knowledge.

Materials and Methods

Dorso-palmar (-plantar) radiographs were taken on the fore- and hindlimbs of 15 juvenile and 15 sub-adult
loggerhead sea turtles accidentally caught in pelagic longline sets and fishing nets along the North-Western
Mediterranean coast. Juvenile turtles were considered to be those with a minimum straight carapace length (SCLmin) of
21 to 40 cm, and sub-adults those with a SCLmin of 41 to 65 cm (11). Seventeen of the animals were alive and thirteen
deceased. Live turtles were temporally housed in the rehabilitation facilities of the Rescue Centre for Marine Animals
(CRAM) (Premia de Mar, Barcelona, Spain). Only turtles free of limb damage or skeleton pathology were considered for
this study. The turtles were manually restrained in ventral recumbency, the limbs maintained with cellotape in a
physiological position. No sedation was required; only the eyes were masked. Table-top images were taken using a
Toshiba — Rotanode ™ (Model E7239) x-ray tube at a 68-cm film-focal distance. Radiographs were taken using UM- MA
hc, 24x30 cm for mammography medical x-ray film, a Fuji AD-MA screen (UM MAMMO fine, Fuiji Photo Film Co., Ltd.;
Tokyo 106-8620) and Super HR-GB, 30x40 cm film and rare-earth intensifying screens, (Fuji ECD). Using a negatoscope
the radiographs were photographed and digitalized at a minimum resolution of 300dpi. Radiographs were evaluated and

radiographic anatomy described when found to be consistent.
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Multi-detector Computed Tomography (MDCT) of the whole body was performed in four juvenile and one
subadult loggerhead sea turtles. Turtles were anaesthetized with the association of intravenous ketamine (15mg/K,
Imalgene® 1000, Merial) and diazepam (0,5mg/Kg, Diazepam, Almirall Proderfarma, Prodes), injected into the dorsal
cervical sinus to prevent flipper movement. Cardiac frequency was verified using a mini-doppler and the animals were
carefully kept wet prior to the scan. MDCT studies were obtained by a sixteen-detector row CT scanner (Aquilion 16,
Toshiba Medical, Tokyo, Japan) using the following parameters: 120 kVp, 250mA, 16 x 1mm detector configuration and
a 512 x 512 matrix. The field of view ranged from 35¢m to 52cm and total time examination took between 10-15 seconds,
depending on the size of the turtle. The volumetric data of the limbs were reconstructed with a 1mm slice width and
reconstruction interval of 0.8 mm. Three-dimension images were generated on a Vitrea computer workstation (Vitrea®

version 3.0.1., Vital Images, Plymouth, MN).

In order to obtain anatomical information of the limbs from the dead turtles, five of them (2 juvenile and 3
subadult) were frozen at -80° C, and serial parallel sections from 18 to 20 mm thick were taken in the dorsal plane using
an electric bone saw. The limb bones and associated joints were evaluated and samples of epiphyses of the humerus,
radius, ulna, femur, tibia, fibula, metacarpal and metatarsal bones and phalanges were collected and fixed in neutral-
buffered 10% formalin solution for histological study.

Five loggerhead sea turtle skeletons from the Museo de Zoologia de Barcelona and the Departamento de
Sanidad y Anatomia, Facultad de Veterinaria of UAB were photographed and radiographed for osteological data.

Radiologically visible structures were compared with those observed on osteological preparations, 3D CT
reconstructions, gross anatomical sections and histological samples. All radiographic images were analyzed with Adobe
Photoshop® (Adobe Photoshop® v 5.5, Adobe Systems Incorporated; USA) and normal and inverted (negative) images
were compared.

The anatomical terminology used in this study is that of the Nomina Anatomica Veterinaria. In addition, specific

terminology for sea turtles (12) was also applied.

Results

Bones from the distal part of the fore and hind flippers were seen in detail in radiographs using the
mammography film-screen. CT reconstructions images showed best definition to examine the cortical bone, density of
the matrix and trabeculas. The pectoral and pelvic girdles were better seen in the standard table-top radiographs using
rare-earth intensifying screens than the mammographic film-screen combination. These regions will be not described
here since they were included in a previous publication on the coelomic cavity (13). Bones from juvenile and subadult
loggerhead sea turtles did not differ in form or structure; however some bony features such as the head and greater

tuberosity of the humerus and the head and major trochanter of the femur were more pronounced in the subadults.
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Radiographically, a large joint space was seen in all synovial joints of the limbs (Fig.1A). In the anatomical
sections a thick hyaline cartilage cone plugged each bone forming the great part of the epiphyseal area (Fig. 1B).
Mammographic radiographs of 5 small juvenile turtles showed a thin radiolucent line followed by a radiodense
longitudinally striated and thicker band (Fig. 2A) mainly in the physes of the metacarpals, metatarsals, phalanges and
distal physes of the humerus. Subcondral growth was observed in all bones. These findings were interpreted based on
the histological analyses of the same animals, as active growth zones in the epiphyseal plate (Fig. 2D). Long bones
consisted primarily of a core of cancellous bone bounded by a thin cortex of compact bone (Fig. 2 B-C). The histological
study carried out in 2 juveniles showed that the epiphysis consisted of a mass of undifferentiated cartilage where the
cells (condrocytes) of the layer next to the shaft forming the growth zone were flattened and arranged in longitudinal
columns, showing different degrees of hypertrophy. Condrocytes nearest to the shaft were more vacuolated than those
nearest the end of the epiphyses. In the 3 subadult turtles, the cellular arrangement in the growth area was similar to that
observed in the 2 juvenile ones; however the longitudinal columns were not so well-defined. In all cases, mineralization
of a cartilage template was observed and endocondral bone was set down on the eroded surface of the cartilage
(Fig. 2D).

Figure 1. Dorsoventral radiographic view (A) and dorsal anatomical section (B) of the shoulder joint of a loggerhead sea turtle. 1, Cartilaginous part of
humerus head. 2, articular end of the Scapula (cranial fused bone is the Acromion process - 2a); 3, articular end of the coracoid; 4, humerus head; 5,
greater tuberosity.
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Figure 2. Dorsoventral radiographic view (A) of the manus of small juvenile loggerhead sea turtle. Close-up of proximal phalange of digit Il of juvenile
(B) and subadult (C) specimens. Histological survey of the growth area (C). 1, epiphyseal growth zone (1" epiphyseal plate); 2, ossified diaphysis; 3,
undifferentiated cartilage; 4, longitudinal columns of hypertrophied condrocytes; 5, Mineralization of cartilage template, endocondral bone.

Humerus

The proximal epiphysis of the humerus was not clearly seen radiographically due to the superimposition of the
carapace and plastron bones. The head of the bone was seen joined with the articular surface formed by the scapula
and acromion and coracoid bones (Figs. 1A-B, 3A). Caudal to the head, the great and rounded medial process (greater
tuberosity) was easily identified in all radiographs (Fig. 3A-C). The morphology of this structure in the radiographs was

similar to the head of the humerus in both juvenile and subadult turtles (Fig. 3A, B).

However, in CT, osteological and anatomical dissections, this structure was more prominent than the head (Fig.
3C). A large fosa could be clearly seen in the radiographs as a radiolucent area immediately below the head and the
greater tuberosity. The deltoid crest could be identified as a rounded projection of the bone contour on the cranial border
of the humerus (Fig. 3A-C). In 3 subadult turtles, this crest was more prominent than in juveniles and, depending on the
rotation of the limb at the moment of the examination, the structure was seen partially superimposed on the humeral
head (Fig.1A). In one juvenile turtle a sharp process was seen in the caudal border of the crest (Fig. 3B). The nutrient
foramen present on the ventral surface of the humerus (Fig.3C) could not be observed on all radiographs. In the distal
epiphysis of the humerus, the medial and lateral condyles were recognisable due to the presence of the intertuberal

groove between them (Fig. 3C, E).
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Figure 3. Negative image of dorsoventral radiographic view of humerus of sub-adult (A, E) and juvenile (B) loggerhead
sea turtles; ventral view of humerus (C) and anatomical section of elbow joint (D). 1, humerus head; 2, greater
tuberosity; 3, fossa between humerus head and greater tuberosity; 4, deltoid crest; 5, sharp process on deltoid crest; 6,
nutrient foramen; 7, intercondylar sulcus; 8, medial condyle; 9, growth zone; 10, radius; 11, ulna.

Radius and ulna

The bones were seen partially superimposed, the radius, shorter than the ulna was seen cranial to it. The
radius had a broad and triangular proximal epiphysis and its caudal border showed a concave curvature. The ulna was
seen as straight and tubular shaped with its distal end superimposed on the ulnare and radiale carpal bones (Fig. 3E,
4A). No pronounced process or grooves were visualized in either bones and the cortices were markedly thickened in the

mid-diaphyseal region but tapered proximally and distally (Figs. 3E, 4A).
Carpal bones

The nine carpal bones could be clearly recognized in the carpus due to scant superimposition (Fig. 4A-C). In

the proximal row, the radiale was seen as a rectangular bone placed laterally. The ulnare showed a semilunar shape,
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with a great curvature pointed medially. The pisiform bone was seen standing out medially from the distal row. The small
and rounded centrale bone was seen immediately ventral to the radiale and ulnare bones. In the distal row of the carpus,

five carpal bones were identified, each one respective to a digit (Fig. 4C).

Metacarpals and phalanges

Metacarpals bones and phalanges have similarly-shaped digits except for the first, which shows a flattened
articular surface on the physes and elongated, thin diaphyses. The first digit is prominent and consists of a short and
strong metacarpal bone with only two sturdy phalanges, the proximal and distal ones (Fig 4A). The second digit has a
shorter and thicker proximal phalange than those of the 3@ and 4t digits. The intermediate phalange of the third digit is
the most slender and longest of all. The fifth digit has only two phalanges. In the radiographs and CT images, no

sesamoid bones were seen associated with the flipper joints (Fig. 4 A, B).

n

Figure 4. Negative image of dorsoventral radiographic view (A) and 3-D reconstruction (B) of manus of juvenile loggerhead sea
turtle. Close-up of dorsoventral radiographic view of carpal region (C). 1, radius; 2, ulna; 3, radiale; 4, ulnare; 5, pisiform; 6,
centrale bone; 7,8,9,10,11, carpal bones. Roman numbers in A indicate respective digit.
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Femur

The joint of the head of the femur with the acetabulum superimposed on the carapace bones was clearly visible
in all radiographs taken using conventional plain film (Fig. 5A, B). In juvenile turtles, most of the head was made up of
cartilage. In the subadult animals the ossified head was stouter than in juvenile and was joined to the physes through a
thick neck (Fig 5A-E). The prominent major trochanter was seen caudal to the head. The diaphysis was long and slender.
The condyles on the distal epiphyses could not be differentiated because the distal epiphysis was superimposed on the
marginal bones of the carapace. Neither the patella nor other sesamoid bones were visualized in the stifle joint
(Fig. 5A, 6B).

Tibia and fibula

The tibia and fibula could be seen with scant superimposition of epiphyses. The tibia was thicker, cranial to the
fibula, and with a convex articular surface at the proximal epiphysis. Both bones were elongated and fairly similar in
length (Fig. 6A, B).

Figure 5. Dorsoventral radiographic view of hip joint of sub-adult (A) and juvenile (B) loggerhead sea turtles. Gross anatomy
section (C), radiographic view (D) and osteological preparation (E) of proximal epiphysis of femur. 1, femoral head; 2, greater
trochanter; 3, pubis; 4, ilium; 5, ischium; 6, growth zone.
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Tarsal bones

Six tarsal bones were perfectly visualized in all radiographs. We have identified two rounded and bigger ones
and four quite spherical and smaller ones (Fig. 6 A-C). On the proximal row the great astragalus was seen laterally below
the tibia, and the calcaneum seen as a small rounded bone positioned medially below the fibula (Fig.6C). In the distal
row, the V tarsal bone was articulated with the IV and V metatarsal bones and was prominent because of its heart shape
and the large size related to other tarsal bones, which were spherical and positioned just proximal to each respective
digit, I, [l and 1 (Fig. 6C).

Metatarsals and phalanges
Similar to the forelimb, the first digit consisted of a short, flattened and strong metatarsal bone and only two
sturdy phalanges. Digits Il to V showed three somewhat proportioned phalanges. The V metatarsal bone is flattened and

resembles the | metatarsal bone, though slightly smaller (Fig.6 A, B).

IV

Figure 6. Negative image of dorsoventral radiographic view (A) and 3-D reconstruction (B) of pedis of juvenile
loggerhead sea turtle. Close-up of dorsoventral radiographic view of tarsal region (C). 1, tibia; 2, fibula; 3, astragalus; 4,
calcaneum; 5, V tarsal bone; 6, 7, 8, tarsal bones; 9, metatarsal bone from digit I; 10, metatarsal bone from digit V.
Roman numbers in A indicate respective digit.
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Discussion

Routine radiography of the limbs is usually performed in at least three views: dorso-palmar (or —plantar), lateral
and oblique (14). The flattened shape and relative thinness of the loggerhead sea turtles’ flippers when compared with
the compact and quite cylindrical limbs of the terrestrial vertebrates precludes the use of other views except the dorso-
palmar (-plantar). Size or morphological distortion was observed only at the proximal end of the humerus, where the
great tuberosity was seen partially superimposed on itself showing an unreal shape in the radiographs. Numerous
anatomical differences between the limbs of chelonians and those of mammalians, or even between turtles and other
reptiles, make them a unique patient. When comparing radiographs of limbs of sea turtles with those of mammals, such
as the dog or cat, there is a clearer visualization of the bone contours due to the scant superimpositions between them.
Additionally, the presence of a massive cartilage in the epiphyses produced better visibility of the articular ends.
According to previous information (15) these cartilaginous epiphyses become gradually thinner with age because the
passage of undifferentiated cells into the growth zone and consequently the articular and growth zones come into close
approximation; however growth may be retained even in aged animals. Easy visualization of the bone ends was a finding
with practical clinical application because the diagnosis of bone disorders such as fractures, osteomyelitis, osteofibrosis
and mainly joint pathologies could be easily made using a conventional and inexpensive x-ray technique.

Previous studies (8) have reported that the matched mammography film-screen combination was superior to
standard Buchy and table-top radiographs in the evaluation of bone and soft tissues in small reptiles. The combination
results in a resolution of 10-20 line pairs (Ip)/mm as opposed to the 5-10 Ip/mm resolution in standard radiographic
techniques (8), which in this study permitted optimal visualization of the cancellous and compact bone arrangement in
the long bones, and the epiphyseal growth areas. The growth areas observed in our animals as a radiopaque band at the
end of the long bones were also observed in skeletally immature humans (16), where transverse trabecular bands of
increased radiodensity appeared following a temporary slowdown or cessation of rapid longitudinal bone formation.
When growth rates were normal, longitudinally-oriented trabeculae with interspersed marrow elements predominated at
the zone of transformation of cartilage to bone (16).

Radiological examination of the long bone epiphyses together with evaluation of time of closure have been
used as a chronological reference in various species of vertebrates (17, 18). In reptiles this methodology is not suitable
because endocondral growth may be life-long (15). On the other hand, turtles and crocodiles do not have isolated
ossification centres in the epiphysis (bony epiphysis) such as occurs with squamates (snakes and lizards) and mammals
(15). Curiously, in our study only in 5 of 15 juvenile turtles was the presence of epiphyseal plates detected
radiographically in the long bones of the manus. We are unaware of the reasons why these areas were not seen in all
juvenile animals, as should be expected. Patterns of reptile growth have attracted considerable attention over the past
few decades (19, 20, 21). The presence of growth rings in the transverse section of the humerus has been studied in
reptiles, including sea turtles (22), as a method to calculate age. Turtles grow at different rates during the ontogenetic

period, the rate being influenced quality and quantity of diet (15, 23). In their early years of life, oceanic-stage loggerhead

70



sea turtles have relatively little control over their geographic position or movements and thus they have an extremely
stochastic lifestyle with great variation in food availability and temperature (24). Temporary cessation of growth may
occur even in relatively young turtles; it is resumed later, after perforation of the bony plates and renewal of activity by
the marrow (15). The environmental variation results in variable growth rates, that could be directly associated with the
inconsistent presence of a distinct growth area in the long bones of juvenile turtles of this study.

The shape and structure of bones is governed by many factors - genetic, metabolic and mechanical. In reptiles,
the pectoral and pelvic arches appear to have a very anomalous position in the Chelonia, inasmuch as they seem to be
situated inside and not outside the skeleton trunk (12). Modifications of the sea turtle pectoral limb into a semi-rigid
elongated and flattened flipper for forelimb propulsion has resulted in proportional changes in the limb skeleton and shifts
in the distributions of muscle tissue (25). This reduced presence of musculoskeletal elements includes the sesamoid
bones, thus accounting for their absence in the radiographs of the present study. Although reptilian compact bone is
quite similar to the other vertebrates, we have found the bone cortex to be relatively thinner in the case of turtles, with
minor radiographic contrast between bones. Compared to the radiographic anatomy of well-known species such as the
dog or cat (26), the diaphysis of turtle bones in general seems to show a smoother surface without pronounced
processes, crests or tuberosities. As a result, there is a clearer radiographical image of the bone internal structure, with
minimal superimposition of superficial bony elements. The response pattern of the bone to injury in reptiles differs
significantly from that found in mammals. New periosteal bone production is less prominent in the former and it is
common to see a radiolucent fracture line in clinically stable fractures that have healed with a fibrous callus (10, 27).

Mammographic radiographs and the multiplanar TC reconstructions were observed to provide similar
information; the latter also involved greater cost and is a technique not readily available in rehabilitation centers. Also,
more time is needed for image manipulation. Three-dimension reconstructions were useful to see the different views of
the structures. However, this kind of virtual processing, when applied to extremely tight bone structures, as is the case
with carpal or tarsal bones, may produce an artificial effect whereby the structures seems to be joined.

In this study we have concluded that the use of mammographic film-screen combination is the best
radiographic modality to evaluate the bone and joint structures of the fore and hindlimbs of juvenile and subadult sea
turtles. Radiographs provided reliable images for clinical purposes. Considering the low cost and logistics of this

technique it is one of the more practical ancillary tests that marine animal rehabilitation centres can use.

Acknowlegments

The authors would like to thank Professor Dr. Francisco Reina and the laboratory technician Isabel Delgado
Calvarro, Facultat de Medicina, UAB, for help with the anatomical sections, and the radio-diagnostic technician Montse
March for technical support with the MDCT. Thanks also go to the Museo de Zoologia de Barcelona and the Depto. de
Sanidad y Anatomia, Facultad de Veterinaria of the UAB for providing the turtle skeletons. We are grateful to Dr. Jordi

Franch, Depto de Medicina y Cirugia Animal, Facultad de Veterinaria of the UAB for the review of this paper.

71



DIAGNOSTIC IMAGING OF THE LOGGERHEAD SEA TURTLE

References

1. Orés J, Torrent A, Calabuig P, Déniz S. Diseases and causes of mortality among sea turtles stranded in the Canary Islands,
Spain (1998-2001). Dis Aquat Organ 2005;63:13-24.

2. Pont SG, Alegre FN. Work of the Foundation for the Conservation and Recovery of Marine Life. Marine Turtle Newsletter
2000;87:5-7.

3. IUCN. Red List of Threatened Species 2004.www.iucnredlist.org. Accessed February 22, 20086.

4. Wyneken J, Mader DR, Weber Ill ES, Merigo C. Medical care of sea turtles. In: Mader DR ed. Reptile Medicine and Surgery.
Canada: Elsevier Inc., 2006:972-1007.

5. Wyneken J. Computed tomography and Magnetic resonance imaging anatomy of reptiles. In: Mader DR ed. Reptile Medicine
and Surgery. Canada: Elsevier Inc., 2006:1088-1096.

6. Riibel A, Kuoni W. Radiology and Imaging. In: Frye FL ed. Biomedical and surgical aspects of captive reptile husbandry. 2 ed.
USA: Krieger Pub. Co., 1991:185-208.

7. Jackson OF, Sainsbury AW. Radiological and related investigations. In: Beynon PH, ed. BSAVA Manual of Reptiles. British
Small Animal Association. Dorset: J. Looker Printers, 1992: 63-72.

8. DeShaw B, Schoenfeld A, Cook RA, Haramati N. Imaging of Reptiles: a comparison study of various radiographic techniques.
J Zoo Wildl Med 1996;27: 364-370.

9. Hernandez-Divers S, Hernandez-Divers S. Diagnostic imaging of reptiles. In Practice 2001; july/august: 370-391.

10. Wilkinson R, Hernandez-Divers S, Lafortune M, Calvert I, Gumpenberger M, MCarthur S. Diagnostic Imaging. In: McArthur S,
Wilkinson R, Meyer J, eds. Medicine and Surgery of tortoises and turtles. Victoria, Australia: Blackell Publishing Ltd., 2004:187-238.

11. Dodd CK Jr. Synopsis of the biological data on the loggerhead sea turtle Caretta (Linnaeus 1758). U.S. Fish and Wildlife
Service Biological Report 1988;88:35-82

12. Wyneken J. The Anatomy of Sea Turtles. U.S. Departament of Commerce NOAA Technical Memorandum NMFS-SEFSC
2001;470:1-172.

13. Valente AL, Cuenca R, Parga ML, Lavin S, Franch J, Marco |. Cervical and coelomic radiology of the Loggerhead Sea turtle,
Caretta caretta. Can J Vet Res (in press).

14. Morgan JP. Techniques of veterinary radiography. lowa State University Press, Ames, lowa, 1993.

15. Haines RW. Epiphyses and sesamoids. In: Gans C, d'A Bellairs A, eds. Biology of the Reptilia. New York: Academic
Press,1969:81-115

16. Ogden JA. Growth slowdown and arrest lines. J. Pediatr Orthop 1984;4:409-415.

17. DiGiancamillo M, Rattegni G, Podesta M, Cagnolaro L, Cozzi B, Leonardo L. Postnatal ossification of the thoracic limb in
striped dolphins (Stenella coeruleoalba) (Meyen, 1833) from the Mediterranean Sea. Can J Zool 1998;76:1286-1293.

18. Serrano E, Géllego L, Pérez JM. Ossification of the Appendicular Skeleton in the Spanish Bies Capra pyrenaica Schinz, 1838
(Artiodactyla: Bovidae), with Regard to Determination of Age. Anat Histo. Embryol 2004;33: 33-37.

19. Hailey A, Coulson IM. The growth pattern of the African tortoise Geochelone pardalis and other chelonians. Can J Zool
1999;77:181-193.

20. Bjorndal KA, Bolten AB, Martins HR. Somatic growth model of juvenile loggerhead sea turtles Caretta caretta: duration of
pelagic stage. Mar Ecol Prog Ser 2000;202:265-272.

72



21. Arcos-Garcia JL, Peralta MAC, Rosales VHR, Martinez GDM, Cerrilla MEO, Sanchez FC. Growth characterization of black
iguana (Ctenosaura pectinata) in captivity. Vet Mex 2002;33:409-419.
22. Zug GR, Wynn A, Ruckdeschel C. Age Estimates of Cumberland Island Loggerhead Sea Turtles. Marine Turtle Newsletter

1983; 25:9-11.
23. Spencer RJ. Growth patterns of two distributed freshwater turtles and a comparison of common methods used to estimate

age. Aust J Zoo 2002;50:477-490.
24. Bjorndal KA, Bolten AB, Dellinger T, Delgado C, Martins HR. Compensatory growth in oceanic loggerhead sea turtles:
response to a stochastic environment. Ecology 2003;84:1237-1249.

25. Wyneken J. Comparative and functional considerations of locomotion in turtles. [PhD dissertation]. Urbana-Champaign.

University of lllinois, 1988.
26. Konde LJ. Appendicular Skeleton — Companion Animals. Diseases of the Immature skeleton. In: DE Thrall, ed. Textbook of

Veterinary Diagnostic Radiology. Philadelphia: WB Saunders, 1994:94-104.
27. Silverman S. Diagnostic Imaging. In: Mader DR, ed. Reptile Medicine and Surgery. USA: W.B. Saunders, 2006:471-489.

73






4.3. NORMAL ULTRASONOGRAPHIC IMAGING OF THE LOGGERHEAD SEA TURTLE
(CARETTA CARETTA)

’mmv Valente, A.L.; Parga, M.L.; Espada, Y.; Lavin, S.; Alegre, F.;
m Marco, |. y Cuenca, R. (2007). Normal ultrasonographic
2 imaging of the loggerhead sea turtle (Caretta caretta). Vet

Rec. 160. Aceptado para publicacién.







NORMAL ULTRASONOGRAPHIC IMAGING OF THE LOGGERHEAD SEA TURTLE

(Caretta caretta)

A.L.Valente!, DVM, MSc; M L. Parga?, DVM, MSc; Y. Espada?, DVM, PhD; S. Lavin', DVM, PhD; F. Alegre2, DVM; 1.
Marco?, DVM, PhD and R. Cuenca', DVM, PhD.

Address of authors:

1Servei d’Ecopatologia de Fauna Salvatge. Facultat de Veterinaria, Universitat Autonoma de Barcelona, 08193-Bellaterra,
Barcelona, Spain.

2Centre de Recuperacio d'Animals Marins, Cami Ral, 239 - 08330 Premia de Mar, Barcelona, Spain.

3Departament de Medicina i Cirurgia Animal. Facultat de Veterinaria, Universitat Autbnoma de Barcelona, 08193-

Bellaterra, Barcelona, Spain.

Correspondence address: MSc. Ana Luisa Valente. Servei d’Ecopatologia de Fauna Salvatge, Facultat de Veterinaria,
Universitat Autonoma de Barcelona, 08193-Bellaterra, Barcelona, Spain. Telephone number; +34 93 581 19 23; Fax
number: +34 93 581 20 06; e-mail: schifinoval@hotmail.com.

Summary

This work describes the normal ultrasonographic appearance of cervical structures and coelomic organs of loggerhead
sea turtles. Twenty live, and five dead juvenile and subadult loggerhead sea turtles were studied. Ten soft-tissue areas of
integument were used as acoustic windows: cervical-dorsal and cervical-ventral, left and right cervicobrachial, left and
right axillary, left and right prefemoral and left and right postfemoral acoustic windows. Anatomical cross-sections were
performed on the dead turtles to provide reference data. The fourth and fifth cervical vertebrae, the spinal cord, and the
venous sinuses of the external jugular vein are clearly seen on the cervical-dorsal acoustic window. On the cervical-
ventral acoustic window, the esophagus and the heart were imaged. The stomach was more frequently seen through the
left axillary acoustic window. Although the liver could be imaged through both sides, the right axillary acoustic window
was the most indicated to see the gallbladder. The large and small intestines and the kidneys could be seen in the right
and left prefemoral acoustic windows; the latter were easily identified due to the intense renal vasculature. This study

shows that ultrasonography is a useful tool for diagnosis in juvenile and subadult loggerhead sea turtles.

Keywords: ultrasound, Loggerhead Sea Turtle, Caretta caretta, echoanatomy, anatomy
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Introduction

The loggerhead sea turtle (Caretta caretta) is the most common species accidentally captured by fisheries in the
western Mediterranean Sea. Juveniles and subadult animals are those most affected by the captures. According to
(IUCN, 2004) the species is listed as endangered (EN A1abd) and the estimated annual number of subadult loggerhead
sea turtles accidentally captured every year on the Spanish Mediterranean coast is more than 20,000 (Aguilar and Pastor
1995). Captured turtles are usually released back to the sea with a fish-hook still lodged, and it is estimated that between
20% and 30% of these individuals might die due to the lesions caused by them (Aguilar and Pastor 1995). The main
cause of admission of sea turtles in the rescue centres is the ingestion of fishhooks; other causes include lesions by
entanglement in fishing nets, collision with boat propellers and ingestion of garbage. As in other chelonian species, the
shell severely limits examination of internal organs, and the diagnosis based only on a clinical examination is usually very
poor.

Ultrasonography is well-established as a rapid, non-invasive and non-expensive method of assessing soft
structures; therefore, it serves as a helpful tool for clinical diagnosis in turtle rehabilitation. Its main disadvantage is the
lack of well-described ultrasonographic standards for sea turtles. Although general considerations on ultrasound in
reptiles could be found in some chapters of wildlife medicine books (Jackson and Sainsbury 1992, Silverman and
Janssen 1996, Whitaker and Krum 1999, Wilkinson and others 2004) and papers (Sainsbury and Gili 1991, Gaudron and
others 2001, Schumacher and Toal 2001), only few works systematically describe the normal appearance and the best
way to visualize the organs (Pennick and others 1991, Martorell and others 2004). Furthermore, anatomical differences
among chelonian species have a reflective effect upon ease of scanning. The reproductive tract of adult female Olive
Ridley (Lepidochelys olivacea) and Kemp’s Ridley (Lepidochelys kempii) sea turtles has been studied by Rostal and
others (1989, 1990 and 1994). These authors recommend ultrasound as a good technique to evaluate the gonad
structure, egg development and presence of atretic follicles. To the authors’ knowledge, published data about normal

ultrasonography of the loggerhead sea turtle are not available.

The aim of this work is to describe the normal ultrasonographic appearance of cervical structures and coelomic

organs of the loggerhead sea turtle and to provide images of frozen cross-sections for anatomical reference.

Materials and Methods

A total of 25 loggerhead sea turtles (Caretta caretta), with a minimum straight carapace length (SCLmin) of
26.0 cm to 58.5 cm and weights of 3.5 kg to 26.8 kg were used in this study. Twenty live turtles, eight juveniles and 12
subadults, were used for the ultrasound proposal, and five dead juvenile turtles were used to provide the anatomical
information. Turtle measurements were based on Bolten (1999). According to Pont and Alegre (2000), turtles with a
SCLmin of 21-40 cm, and those with 41-65 cm were considered juvenile and subadults, respectively. Sex could not be

identified because they were sexually immature specimens. All animals were accidentally caught in pelagic long-line sets
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and fishing nets along the northwestern Mediterranean coast (40°31'- 42°26' N and 0°32'-3°10" E), Spain, and were
temporally housed in the rehabilitation facilities of the Rescue Centre for Marine Animals (CRAM), Premia de Mar,
Barcelona, Spain. Only turtles in good condition, based on physical, radiographic and haematological parameters, were
used in this study. From the turtles captured in longlines, we included only those in which the hook was superficially
attached in the buccal cavity.

During the ultrasonographic examinations, the animals were manually restrained in ventral recumbency on a
bucket, high enough to avoid the limbs contacting the table. No sedation was necessary. The head, neck or limbs were
extended as needed. Eyes were kept blind through a mask and the body surface was kept wet using a sopping towel.
Ten soft-tissue areas of integument were used as acoustic windows: cervical- dorsal and cervical-ventral, left and right
cervicobrachial, left and right axillary, left and right prefemoral and left and right postfemoral acoustic windows (Figure 1).
Colour and pulsed doppler were applied in the large vessels. Ultrasonographic examinations were performed with a real-
time, B-mode scanner (Computed Sonography Siemens 128XP/10, Acuson) using sector electronic transducers and
frequencies of 4.0, 5.0 and 7.0 MHz. Coupling gel (Polaris Il, GE Medical Systems, Leonhard Lang GmbH, Archenweg
56, A-6020; Innsbruck, Austria) was placed on the surface of the transducer, which was oriented mainly on the horizontal
plane (the one oriented parallel to the plastron and carapace). Other planes were not used due to size limitations of the
acoustic windows and transducer. Images were recorded using videotapes. Records of the ultrasound images were
made with a thermal printer.

Anatomical sections were performed on three frozen turtles, each one in an oriented plane: sagital plane,
frontal plane and transverse plane. Two other dead turtles were dissected to improve the morphological data. Anatomical
terminology followed Wyneken (2001).

Acoustic windows Echoes access
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Figure 1. Acoustic-window and echo accesses used for the ultrasound scan of loggerhead sea turtles. The
diagram shows only the right side
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Results and Discussion

The fourth and fifth cervical vertebrae, the spinal cord, and the venous sinuses of the external jugular vein (also
called cervical-dorsal sinus) were clearly seen in a transverse and transverse-oblique scan on the cervical-dorsal
acoustic window (Figure 2, A-C). The ultrasonographic contour of the vertebrae was visible with echogenic borders
followed by acoustic shadowing due to the strong reflection from the osseous tissue. The vertebral arch and the spinal
cord were clearly recognized and could be used as landmarks to identify the right and left cervical-dorsal sinuses, which
lay dorso-lateral to the vertebrae. The sinuses are broad dilatations of the external jugular vein (Figure 2, B-F) and were
ultrasonographically identified as superficial, rounded, distensible hypo-echogenic structures connected to the venous
vessels. The connection between left and right cervical sinuses was seen through the anastomosis with the vertebral
vein, which lay centrally on the vertebral arch (Figure 2: B, D). The echoes of the circular blood flow inside the sinuses
were sometimes visible. The dimensions of the sinuses were variable but, in general, relatively greater than those cited
by Whitaker and Krum (1999). These authors stated that the dorsal-cervical sinus in 25-kg turtle was about 1 x 2 cmin a
transverse section, while we found measurements of about 2.5 x 3.5 cm and 1.8 x 4.2 cm in a 26.8-kg and 58.5-cm
SCLmin turtle, and in an 8.6-kg and 39- cm SCLmin turtle, respectively. The disparity could be related to different factors.
Because reptiles are ectothermal animals, and the sinuses are vascular structures related to thermo-regulation, changes
in their flow and dimensions are expected due to external temperature variation, as occurs in the front flippers
(Hochscheid and others 2001). The turtles used in this study were scanned in the summer, and consequently underwent
relatively high temperatures (25°C to 35°C) during the transportation and the procedure. Therefore, an increase in sinus
size could be due to a vasodilatation response. Additionally, the inclination angle of the transverse oblique scan could
also be related to the larger size found because of the longitudinally slanted section of the vessels, which could justify the
greater length. On the other hand, compared to the anatomical sections, it was observed that the sinuses were not only a
single dilation of the jugular vein, but also a complex of small cavities separated by fine membranous walls (Figure 2: D,
F), which could not be completely visualized ultrasonographically.

Through the cervical-ventral acoustic window, the heart was dorso-ventrally flattened and located between the
two hepatic lobes. The atria, during diastole, could be identified as oval anechogenic-paired structures with a fine
echogenic wall (Figure 3, A). The ventricle had a homogenously echogenic appearance, with distinction of a thick wall
with trabecular lining (Figure 3: A, B, D). Due to the slow heart rate, the echoes corresponding to blood flow and atrial
diastole were easily recognized during ventricular systole. Only an atrioventricular valve was clearly seen as a short
horizontal echogenic line centrally placed between the atria and ventricle. In juvenile specimens the best way to see the
heart was the cervical-ventral acoustic window. Through this point, all three chambers and the large vessels on the
cardiac base could be identified on a horizontal plane. By this access the scan usually passes along the dorsal aspect of

the heart, where the pulmonary and subclavian arteries could be seen together with the aortic arches (Figure 3, A-D).
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Figure 2: Ultrasound evaluation of the cervical-dorsal structures of the loggerhead sea turtle: a, vertebral vein, anastomosis point to
transversal vein; b’-b”, sinuses of external jugular vein, c, vertebral body; d, spinal cord. A and B: Ultrasound images of a transversal
scan. C: Ultrasound image of oblique scan of the venous cervical sinus (b) of the jugular vein. D: anatomical transversal cross-
section corresponding to transversal scan. E: illustration showing the transversal and transversal oblique planes preferred for
imaging of the cervical venous sinuses (a and b, sinues of the jugular vein). F: Ultrasound image of the complex of jugular sinuses
seen in a 45° oblique scan, the black arrow indicates the cervical vertebra.

81



DIAGNOSTIC IMAGING OF THE LOGGERHEAD SEA TURTLE

In subadult turtles, the right and left cervicobrachial acoustic windows allowed partial access to the heart and
the complete visualisation of the right and left aortic arches and pulmonary arteries, respectively.

The distal end of the oesophagus could be seen through the ventral-cervical and left cervicobrachial acoustic
windows as a coarse echogenic structure, identified as the keratinised papillae (Figure 4, A). Although recognised in the
necropsies as a lobular structure tissue associated with the fat around the large cardiac vessels, the thymus was not
clearly identified in this study due to the similar granular appearance of the esophagus.

The stomach was placed on the left side of the coelomic cavity. Although it could be partially seen in the left
cervicobrachial, axillary and prefemoral acoustic windows, it was more frequently imaged through the left axillary
acoustic window (Figure 4: B-C). A good landmark to locate this organ was the subscapular muscle seen in a horizontal
scan as a hypoechogenic rounded structure followed by a fine echogenic line, the coelomic membrane (Figure 4: B - D).

The stomach was usually seen dorsal to this muscle in an oblique dorsal scan (30°-35°).

= BISTAMCE = 1
HET

Figure 3: Ultrasonographic images of heart of the loggerhead sea turtle taken from cervical-ventral acoustic window: a, left atrium; b, right
atrium; c, ventricle; d, left subclavian artery; e, left pulmonary artery; f, left aorta. A, B and D: Ultrasonographic image taken from cervical-
ventral acoustic window. C: Ventral view of anatomical dissection of the heart of juvenile loggerhead sea turtle injected with latex, the right
atrium is slighty dilated by the latex. A, left atrium; b, right atrium; c, ventricle; d, left subclavian artery; e, left pulmonary artery; f, left aorta; g,
brachicephalic trunk; h, pulmonary trunk; i, right pulmonary artery; j, j, right aorta; I, right precava vein.
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Figure 4: Ultrasound evaluation of the esophagus and stomach of the loggerhead sea turtle. A: Ultrasound image of esophagus, cross-
section scan. B-C: Ultrasound image of stomach taken from left axillary acoustic window: a, stomach lumen; b, subscapular muscle; c,
coelomic membrane. D: lllustration showing the oblique image plane preferred for imaging the stomach: a, stomach lumen; b, subscapular

muscle; ¢, coelomic membrane; d, coracoid. E: Corresponding frontal gross anatomical seccion.
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In general, the stomach showed a thin wall with folds seen as thin hypoechogenic lines, and produced poor
images due to the presence of intraluminal gas and contents (Figure 4: B-C).

The liver was visualised as an echogenic structure with granular parenchyma (Figure 5, A). Hepatic vessels
were seen as anechogenic tubular structures either in transverse or longitudinal sections (Figure 5, A). The best
accesses to this organ were through the left and right axillary acoustic windows (Figure 5, B). The right axillary acoustic
window was the one most indicated to see the gallbladder, which had an anechogenic spherical/oval appearance within
the right hepatic lobe (Figure 5: A, C). The postcava (also called right hepatic vein) could be identified on entering the

right atrium via the sinus venous valve (Figure 5, D) by this acoustic window.

&EE A= FFEGS, Hand CIRCUN=

Figure 5: Ultrasound evaluation of liver of the loggerhead sea turtle: A: Ultrasonographic image taken from right axillary acoustic windows: a,
branches of right hepatic vein (Postcava); b, hepatic parenchyma; ¢, subscapular muscle, d, gallbladder. B: Corresponding frontal gross
anatomical seccion: a, right hepatic vein; b, hepatic parenchyma; c, subscapular muscle; d, gallbladder; e, area of the right atrium; f, sinuses
of jugular vein. C: Ultrasound image of the hepatic parenchyma: d, cross-section of the gallbladder. D: Ultrasound image of the liver and
heart: a, right hepatic vein ( Postcava); b, hepatic parenchyma; c, subscapular muscle; d, right atrium.
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The large and small intestines could be seen in the prefemoral acoustic window from both sides. Loops of small
intestine were more frequently imaged on the right side. The ultrasonographic image of the intestine was similar to that of
mammals (Mattoon and others 2002), and stratification in five layers could be recognised. The wall of the small intestine
was thicker than that of the large intestine (Figure 6, A-B). The serose and submucose layers were easily identified as
echogenic lines. The muscular layer, between them, had a hypoechoic to anechoic appearance. The mucosa was the

thickest hypoechoic layer (Figure 6, C). On the contrary, the wall of the large intestine did not have clearly distinguishable

layers.

Figure 6: Ultrasound evaluation of the kidney and intestines of the loggerhead sea turtle. A-B: Ultrasonographic images taken from right
prefemoral acoustic window: a, right kidney; b, cross-section of small intestine; ¢, cross-section of large intestine; d and d’, blood supply of the
kidney. C: Ultrasound image of the kidney (a) and longitudinal section of small intestine (b). D: lllustration showing dorsal view of the imaged
area in a frontal anatomical section: a, kidney; b, loop of small intestine; c, section of large intestine; d, renal vein.

The kidneys were easily identified due to the intense renal vasculature, which could be used as a landmark.
They could be imaged superficially from the prefemoral acoustic window (Figure 6, D) from the respective side, and
showed a uniformly echogenic area, comma like, without a distinct renal pelvis and capsule. The great renal vein was

easily seen, cranial to the kidney (Figure 6, A-B).
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The urinary bladder could be seen, only when it was completely filled, as an anechoeic globular structure
(Figure 7: A, C). It was better identified from the left prefemoral acoustic window (Figure 7, B). Echogenic dots were seen
floating within and were considered normal. They could be related not only to the presence of urate crystals but also to
parasites or fecal material, which could opportunistically enter as a result of its closed connection with the cloaca
(Wyneken 2001). Vesical parasites were found in one of the three dissected turtles (unpublished data).

According to Wyneken (2001), sea turtles have two small, accessory urinary bladders connected to the urinary
bladder, each located laterally to the neck of the urinary bladder and dorsal to the pubis. In this study, the neck of the
urinary bladder could not be imaged due to the acoustic shadow of the pubic bone. These structures were not found in
the gross-anatomy detailed dissections of our work (unpublished data).

The reproductive tract, the spleen, pancreas and adrenal glands could not be identified in this study. The
pancreas extends as an irregular strip along the duodenum just past the stomach. The spleen has an oval form located
below the pancreas. These organs were not ultrasonographically accessible due to their small size, midline location and
the artifacts caused by intestinal loops surrounding them. They were also not documented in a previous study in
California desert tortoises (Xerobates agassizi) (Penninck and others 1991).

The post-femoral acoustic windows allowed access to the caudal end of the kidney only in a few larger
subadult turtles. In juvenile turtles just the femur and muscular mass could be imaged through this point, it was deemed
inadequate for the ultrasonographic evaluation of any coelomic structures.

In recent decades ultrasound imaging has been frequently used to evaluate the reproductive status in many
reptilian and mammalian species (Kiichling 1989, Owens and Kraemer 1990, Casares and others 1997, Rostral and
others 1998, Brook and others 2000, Brook and others 2004). Some species of reptiles are not sexually dimorphic, and
in these cases the ultrasonographic imaging of the gonads is a reliable and inexpensive method to identify the sex of the
animals and select them for reproductive programmes (Morris and Allison 1996). In general, the loggerhead sea turtle do
not exhibit differentiated external sexual characteristics until they reach the adult size (SCL>65 cm), which occurs at
more than 20 years old (Bjorndal and others 2001). This work reveals that sex identification in subadult turtles can not be
performed using ultrasonographic imaging. The small non-developed gonads are mistaken for renal parenchyma, and
the tubular structures, such as oviduct and deferent canals, are not visible. The same limitation was found in Kemp’s
Ridley sea turtles, where only ovarian follicles with sizes greater than 5 mm in diameter, and oviducts with eggs, were
ultrasonographically recognised (Rostal and others 1990).

Knowledge of normal anatomy is essential for the interpretation of diagnostic techniques. Chelonians have
well-protected internal viscera, and the few body parts not covered by the carapace or plastron are internally limited by
the bone of the proximal end of the limbs (scapular and pelvic girdles), which usually limit scanning to one plane. Poor
image quality could also be a consequence of the great size of the turtle in relation to the transducer frequency, the
amount of fat tissue and the degree of emptiness of the gastrointestinal tract. High-frequency transducers used in this
study (7 MHz) were suitable to assess in detail superficial structures like the cervical venous sinuses, stomach, intestines
and kidneys. In juvenile turtles, this probe displayed good images of the kidneys and the heart when the latter was seen

through the cervical- ventral acoustic window. In subadult animals the transducer of 5MHz was more frequently used,
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and it allowed a good balance between penetration and resolution. The transducer of 4MHz was used infrequently
because of its low resolution. Due to the direct access of the kidneys in the prefemoral acoustic windows, as in other
chelonian species, this point could be used to perform ultrasound-guided biopsies of this organ. The hepatic and renal
parenchymas were easily imaged and could be evaluated for morphologic alteration in shape and size, as well as for the

presence of neoplasia, cysts, abscesses and papillomas.

NFEN= S4147,7
SEY LEFT

Figure 7: Ultrasound evaluation of the kidney and urinary bladder of the loggerhead sea turtle. A: Ultrasonographic image of urinary bladder (a)
and kidney (b). B: Corresponding gross anatomy of the scanned area. C: Full urinary bladder with echogenic dots.

Due to the slow digestive transit time, the presence of food in the gastrointestinal tract in turtles with a fasting
period of 24 to 48h produced multiple artifacts and poor images, mainly of the stomach. Concerning the digestive tract,
the diagnosis of obstructive processes due to garbage ingestion or severe mucosal damage caused by fishing hooks
(accordion effect) could also be possible.

Although it is known in mammals that low-level echoes are returned from fat in certain areas of the body
(Nyland and others 2002), low-resolution images are also obtained from some fat turtles, mainly using the

cervicobrachial acoustic windows.
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DIAGNOSTIC IMAGING OF THE LOGGERHEAD SEA TURTLE

This study shows that ultrasonography can be a useful tool for the diagnosis of different internal lesions in
juvenile and subadult loggerhead sea turtles. It is inexpensive, safe and easy to use and with practice, most of the

internal organs can be located and examined.
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Ahbstract

The aim of thes stedy was 10 debermine the normal computed tomography (CTh appearance of the veriebral column and coelomic
struciures of the loggerhead sen turile (Carctte carersa) and 10 g three-dimensional (303) and multiplanar reconstractions o indicate
the posilion of each arpan in relation 10 the vertebrae amd carapace. Transverse seclions of | mm Thickness were pesformad m seven
climically healihy and in Gve dead loggerhead ea turtles wing mubi-detecior CT squipment. A compuier worksiation was used for mul-
tiplanar and 30 reconsiructions. Dead ariles were frozen and sectioned in the transverse, dorsal and saginial planes 1o compare the ana-
tomucal structures” appeasance with CT mages. Clinically relevant organs mchuling 1he ocsophagus, stomach, trachea, bronchi, lungs,
liver, gallbladder, heart, spleen, kidneye and verichral canal were identified in CT images, Computed tomography provides detailed infor-
mation on The respiratory sydiem and skeleton: the location of the coslomic sinsonires wiih respect 1o the carapace and the veriehrae that
o providal m ths work will Tncilitate the wse of other ancillary deagnoatic techmigues such aa uwlirssound. radiography and biopay.

thereby improving safely of access in surgical procedures,
© 2006 Elsevier Lad. All rights reserved.

Keypwardy Compuisd iomography; Dingeostis imapmg: Cross-sectional anxiomy; Chelonisns; Three-dimensional rocon s msiion

1. Inirodoction

At miaring animnl rehabilitation centres, sen turtles ane
often admitted with teaumatic and pulmonary disorders
(Pont and Alegre, 20ik; Ords et al., 2003). Maost traupmaric
problems affect the flippers or the carnpace and are mainly
due 1o entrapment in lishing nets and collision with boat
propellers. Due 1o the dorsal position of the lungs, which
are in close contact with the carapace, pulmonary disease
often occurs sccondary to traumatic mpurics of the cara-
pove (s el al, NHIS),

In sea wartles the axial skeleton is composed of the car-
apace, plastron bones, veriebrae, ribs and derivatives of 1he

* Correspomding nuibor, Tel: =% 93 581 19 29; fux: +354 93 581 2006
-] addrepe: achifinovnlihatmail com (4 L5 Valentel

THHHO22ES - sow fronl malter © 2006 Blsevier Lid, All dghis ressrved.
i 0L BNy, 1l D006.08. 018

ribs (Wyneken, 2001), The carapace is formed by the scutes
which form the outermast layer of the shell and by the
bony plates which are the main structural components of
the shell. The muliple sontes overlap the bony plates | nen-
ral, pleural and peripheral banes) which are fused with the
vertebrae or ribs forming o single carapace bone. Mearnl
bones ane those that cover the veriebral column. Fleural
bones are formed by the rbs and their dermal {ossified)
extensions, and the peripheral bones form the macgin of
the carapace. In most lung disorders and shell or skeletal
injuries in the tortle, plain adiographic data do not reveal
the extent of complex fractures due to superimpased bone
gructures (Abou-Madi et al., 2044},

Comparad with conventional radiography, computed
tomography (CT) allows better distinetion of speciiic e
densitics and digerele changes in argan size, shape, mangin
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contour and position ((GGandron er al, 2001), Computed
tomogeaphy is a non-invasive, cross-sectional diagnostic
imaging technigue that offers significant advantages for
detection of pathologies in chelonians, amd is ideal Tor diag-
nosing skeletal and sofl tissue abnormalitics [Gumpenberger
and Henminger, 2001).

Multi-detector Computed Tomography (MDCT) tech-
nology has rapidly and drastically changed the way CT
has been used inorecent years. By wwing multiple rows of
detector arrays imstead of a single detector, MIE™T can
produce highly accurate three-dimensional (313 volume
data ses allowing reconsiruction of the wial body, -
cheo-bronchinl and pulmonasry volume rendenng, viriual
bronchoscopy and colonoscopy, and volumetric recons
struction of the skeleton, In addition, MDCT provides fas-
ter and more detailed scanning resulls, an important
consideration in wild animals (ASIH/HL/SSAR, 2001) as
it minimizes the deleterious effects of prolonged sedation
or physical restraint, Although due to its cost it s not used
routinely in velermary medicing, it s important to recogs
nize that the amount of information it provides in a
shortstime period may justify its use in endangered species.

Although some publications on CT in other chelonians
exist {Gumpenberger and Henninger, 2001; Rait and Hara-
miati, 1997 Raiti, 1998; Wilkinsen ¢t al, 2004; Wyneken
et al., 20001, 1o the authors’ knowledge there is anly one
CT stwdy on the head of the loggerhead sen turtle { Arencibia
et al., Z005]). Mo published data concerming the wse of CT in
the coelomic cavity of this species were found,

Accurate mterprefation of multiplanar and 3D CT
images of the lopgerhead sea turtlé requires comparative
cross-sectional anatomy images of this species. The pur-
pose of this study was to provide normal CT images of
the vertebral colunin and coclomic structures of the logger-
head sea turtle (Caredna coreita), thereby establishing refer-
ence standands for orpan siae amd position in this specics,
amid o provide mages of virlual trcheo-bronchascopy
and 3D reconstructions of the respiratory toagt and bong
#iructures. In the present study we used 3 combination of
CT muging and gross anatomical sections (hat allowed
accurate identification of the anatomical structures,

2, Materials and methods

Computed tomography was performed in 12 loggerhead
sea turtles (seven live: juvenile; and five dead: four juvenile
and one subadultl All mrtles were accidentally caught in
pelagic long line sets and fishing nets off the north-western
Mediterranean coast (40°3 426N and (F32-371FE)
of Spain, and were lemporally housed in the rehabalitation
facilities of the Reseue Centre for Marine Animals [CRAM],
in Premid de Mar, Barcelona, Spain. Only clinically normal
animale were inchoded in this study. Dend e wers kept
feozen until the examination and were thawed 24-48 h
before the CT proceduce, depending on their size.

Live turtles were anaesthetired with 2 eombination ol
ketamine (15 mp/ke, Imalpene 10806, Mesial) and diazepam

(LI mgn"kg, diazepam, Almirall Proderfarma), injected
intravenously in the dorsal cervical sinus 1o avoid head
and flipper movement. Cardiac frequency was verified
wsing a mini-doppkr (Doppler High Sensitivity Pocket
Dappler D0, Huntleigh Healthcare Lid) and the ani-
mals were carcfully kept wet prior to the scan. No intrave-
nousgly or orally adminisiered contrast material was nsed,
and all ammals were positioned in veniral recumbency
fior e examinatomn,

Computed 1omography of the vertehmal column and
coclomic struciures were obtamed by a lo-detector row
CT scanner (Agquilion 16, Toshiba Medical) using the fol-
lowing parnmeters: 1340 kVp, 250 mA, 16% | mm detector
configuration and a 512 % 512 matrs. The feld of view ran-
ged from 35 10 52 cm and 1o1al examination time was from
10to 15 5, depending on the gz of the wurtle, The volume:-
rie reconstruction of image sections with a | mm slice width
and interval of 0.8 mm were performed. Although the ori-
ginal MDCT sections were taken using 1 mm thickness,
betler images were obtained after manipulation and adjusz-
ing 1o sections of 4 mm. Multiplanar reformatted images
and 30 volume-rendered images were generated on a
Vitrea computer workstation (Vitrea version 34L1., Vital
Imagesh We used bone and parenchymal filters to improve
contrast batween the different structures

In erder to carry out the anatomical study and establizh
a comparnson with the MDCT images, the previousiy
scanmed dead turtles were placed in mdividual right-angled
polystvrene boxes and these were filled wath tap water, The
poxes with the codavers were refrogen at —80 *C for at least
24 h before anatomical sectioning. The turtlés were sec-
tioned in a presdetermined plane: transverse, dorsal or sag-
ittal. Serial parallel slices from 18 1o 20 mm thickness were
obained using an clectric bone saw. Slices were immedi-
ately washed with 80°% ethanol to eliminate frost taild-up
and to remove debris, and separated by grds. Aler labsl-
ling, Thes Mrogen slices were embedded for 30 mn i weutral-
bulfered 1074 Formalin solution for thawing For recording
of the fresh surface, a digital high-rezolution, 2560 1930
pinels camera (Digital 5till Camera, Sony DSC-FT07, Sony
Corporation) was used in daviight Further transforma-
tions of the mages such as rofation, scaling, cutting, filter-
ing, and corrections to conirast, brightness and colour were
performed with Adobe Photoshop (v 3.5). For each ona-
vomical shce, a correspondimg CT image was chosen, and
ientifiable anaomical structures were labelled on the
cadaver sections and on the corresponding CT images.
The terminalogy applied ta the anatomical structures car-
reaponded to that of the Nomina Anatomice Veferinari,
however, specibic terminology for sea turtles (Wyneken,
2001) was also apphied,

A M=t

With regand 10 skebetal structures, multiplanar agiteal
reconstruction of the verticheal column permined evaloa-
tiom of the veriebrae aml the verebral canal, which was

Please cite this article in press as:
S

o Ve 1.

94



ALK Velewie ol @l T The Veterimoy fowmal oo (2006 ) e oo L]

wider in the cervieal region than in the ather regions of the
verichral column (Fig. 1), The lateral and veniral views of
the 30 volume rendering of the vertebral cohamn showed
the morphology omd arrangement of the verfebrae
(Fig. 1}. Eight cervical vertebrac were identified (Fig. 1)
The ventral part of the atlas was clearly seen in the sagittal
nilliplanar reconstruction of the vertebral column (Fig. 1)

Fhe mterverteheal foramma were enhily recogimzable
the cervical region being greatest between the seventh and
cighth vertchrae (Fig. 1) In the dorsal region, these foram-
ina were nol seen belween the verlchmal anches bat rather,
as a seres of large foramina positioned dosally and cen-
trally relative lo the vertebral hodies, belween the vertebral
arch and their respective neural bones (Fig. 1) being the
exit of the spinal nerve roots from the vertebral canal
(Fig. 7). From the ninth dorsal vertebra caudally, the inler-
verlebral foramma reappeared belween the vertebral arches
{Fg. 2.

I'he intervertebral space was broad o the cervical megion
and decrensed caudally, becoming almost unrecognizable
batween the Tth and 10th dorgal verizhras
10th dorsal and first sacral vertebra the space was again
vigible (Figs. 1 and 2. The first dorsal vertehra and the

Hetwesn the

Fig 1, 1A} 30 CT reaenatrusaon, (G sagieal gioes snsios il §acisom
and (0 OT meuluplanar resenstrushion (agitial plang) of the verigbeal
columm of a juvenids lopperhesd sea menke A 1 and I inververiebeal
farmminn im the eenviznl vertebme; 1 interverizhenl foramins in the dossal
Ve iEine,
brul spaces. O Bth cenical vericbong ], 19 dorsal vertekas; 31, 18
sacral verleben. B: 7, verlebeal cinal and spinal cord. O 8, cenvidal
ventetimal anal; 9, veneral portion of the atlas; 10, iransverse ssction of the
leli hrvsmctvos: 11, tenches: 13 |'|."\.'|L-||.|l;ln.||h||:|-||

4 coaboveriebinl poanl Toosocemiral poant; 5 and &, @ETvernes

Pleage cite this anicle in press as; Valente, ALS, e al., Computed tomography of the veriebrml colemn and coelomic ..., Ve, 1,

(2006), dabil O I0Lo/]. v L2006, 08018

§-1lnh dorsal vertabra all had a zhort bady (Fig. 1), The
scapula was attached to the first pleural bone immediaiely
cranial to the first pair of nbs, where o non-ossified aren
was seen m the carapace of a small juvenile turtle
{Fig. 2). From the three sacral vertehrae, only the ficst
two wene attached 1o the ileum (Fig. 2. The bodies of
the cundal vertebrae showed @ thick cartilaginoes plia om

ench end] these vertebrae vaned m nmiber, ranging Tiom
13 1o 17 wertebrae. The arches and processes also became
progressively shorter (Fig 20

Climcally refevant organs and anatomical strsctunes

including the oesophagus, stomach, traches, bronchi,
limgs, lver, pallblacdder, heart, spleen and Kidneys were
ientified i the CT mages with the aid of the anatomical
sections, The normal appearance and position of the coele-
mic orgins identified on the MDCT images and their relas
tiom to the carapace and the veriebral column are mdicated
in Figs. 3 and 4.

The veniral view of the whole body 3L reconstmuction
indicating the cranial and caudal border of the heart
showed that this organ is locatad in an aren nol protected
by the plasiron bones {Fig. 1]

The liver lobes coukl be distinguished in the CT
images 7 all sections, but the distinction between the
hepatic parenchyma and pectoral musculamure was not
clear due to lack of contrast (Fig. 3). It was possible
Lo iulnulil':\. l} 10 EI!I'|5|1'|!LI||.|L'I i the traneverse and dogsal
sechions (Fig. 3)

The trachea and oesophagus were easily recagnizable
The traches wag observed ventral and 1o the :iy'll[ ol the
oesophagus and mamtained this postion from the level
af the second 1o the fourth cervical veriebra (Fip 51 The
carima wis soen al the kevel of the At domsal verichm
{Fig. ). When evaluated vsng virtwal bronchoscopy, the
traches]l mueos was seen 1o have a3 smooth surface
{Fig. 5. The extra and mirspulmonary parts of the bronchi
were identified clearly I the 3D pulmonary renderng
{Fig. &). The external part of the left bronchus crossed ven-
trally to the oesophagus (Fig. 1}

The morphology of the lungs, bronchi and pulmonary
blood vessels could be distinguished. and the central intra
pulmonary bronchus was clearly ssen in the fransverse sec-
tions (Fig. 6). Each central bronchus extended dorsally and
longimadinally into the lung, and had numerous airways
extending from it (Fig. 7). The lungs were not lobed (Figs
6 and T}, ond the pulmonary parenchyma was strongly
reticulated (Fig. 8). Large vessels such as the aorta and
the vena cava could not be identified in the mediastinal
space as They are vusually seen n mpmmalian spoecaes
Pwi large pulmonary blood vessels around the central
bromchus could be adentified m all sections, They extended
T The pul-
manary artery amd vern were lentafied histologically dorsal
anid veniral 1o the cenleal bronelus, respectively (Fiz. ).

Only the external silhowette of the kidneys was sdennifi-
ahle, immediately eaudal to the lungs, in the transverse see-
tion {Fig S

lemgitucdinally parallel 1o the bronchus {Fig
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Fig, & {A) Lateral and { By venbral vasws ol 310 C1 reconsrnicisnns il 1he veniehial colamn iaEal aesd
reconsinected campace and (0¥ donal gross anatoemical section of a juvenile loggerhead sea turtle. 1, interverizbim] space beiwesn ibe <ib and Sth doosal
vertebnme; 2 intervertebral spaoe between the Sth asnd Sh domal vertebrae; 3, mbarvertebrsl space hetwesn ihe 101k doswal vertehen and 151 sternl veriehaa;

4 imtervenchml fommes 5||||n,'\|| berween the verrchwsl arche: 5, 150 sncral verrehim &, caiulal veriehme: 7, non-naifial anes in I|:r.:||':n|||:||u'_ &, o @l

spinal perves

al regaimag, (U0 dors] visws ol the 314 |

Flg 3PN Vieubral view of ihe dhebeton D CT eedonsirusbion, | B-Iu|||I|p'|JI|.'J: T sectminachion ll.'ll.lls-ulj-hllu.' Fodt Nigdue window | and (0 doral 13
analomacal section of & juvenile loggerhead sen martle. A Indicvied area correspomds 10 the canding repon. B and C 1, vemincle; Z, npht atroam; 5, lefl
alrinm; 4, pacloral musoulatuee; 5" and 4% lell and right hepatic bobes, pebpectively; b, slonseh; T, gallblsdder; £, cesophages; 9, irschen) 10, sneall indesbme

10, lnrge anretims; 12, ned ik

4. IHscussion of animals (Garland et al., 2002}, In our study the 3D vol-
ume rendering of the skelzton allowed a clear view of the

Computed tomography and 3D reconstruction have a arrangerment of the structures in their natoral position,
rale in the diagnosis of 2 wide range of digeases in 2 variety The mertles were secdated because the CT examinalion was

Please cite this article in press as: Valente, ALS, ef al., Computed tomography of the vertebral column and coelomic .., Vet 1.
(2006} doi=10, 1016/j.0vil. 200608018
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Fag. 4. (A} Dorsal and §B) veniml new of 30 CT roconsinections of iha
skeleton iplastron bones were removed in B) of a juvenile logpohsid s
Turila Diods (mdicsie ihe limlis of &sch orgas. 1. 2 eranmld handors ol tha

hangs: 3, eranas] bonder of the stomach: 4, position of the canlia §seen only
im AL 5 oraminl bosder of the spleen; &, craniol border of the pallbladder;
7, camdal Border of the splem; 3, caudal border of ibe pallbladder; 9,
cautal border of the stomach; 100 11, cauwdal border of the lunps; 12, 13
eranial and canidsl Bapdsr oF 1he hear lli-cr-ﬂ.rl'h.ﬂll, jeidm anly B B
Stomach {sh, bungx (T, hawrt (hy, spbeen G, mallbladder (g) and kidsea (k)
widrs lhiatraesd im A

preceded by another dingnostic imaging procedurs. How-
ever, considering the short time [10-15 5] required for a
turile examunation we bebeve that this procedure could
e carried ol withowt chemical restraint,

The presence of an “mtervertebral foramen™ located
dorzal to each vertebral body, from the 15t to the Bith dorsal
verighra imstead of between the neural arches of adjacent
vertebra seems o peculianity of chelonians, sipce in this
group of repliles the newral arches ane directly Tused and
the nerve ronis do not exii vin the intercentral joinis
(between the vertebral bodies) as they do in seammals, Dhaf-
ferences in width of the intervertebral space seemed 10 be
related to the shape of the verfebral centro and how they
are jomed to cach other. The shapes of articulatmg surfivces
al the énds of the ventebral centra of replileés are of evolu-
tionary and [unctional mportance (Galfney, 19901 We
have found cervical vertebra of the loggerhead sea turile
1o be predommately procoefur (the front of the cemirum is
comeave and the rear of the cenrrum is convex) wherens
the dorsal ones scemed to be weakly amphicoelus. In anphi=
ceelmey verlebrae the cranial and caudal ends of the cen-

Fip. & (A C) Compulxl tomography mmugos, immoverss plang

silbdinnaae wmibow, (13 virtual bronchosoopy mage and (E) corresponcding gross

nnadamiesl ceion of & Ju ahike I.'.F:Jrha:\.rl was nurla, | |.|.H.|‘||“i‘.\7¢r|l'¢ 3 irachan: T !..'!'Irﬁll.l'  hiamari hasd: & T4t dares] varishen: &, canmna, 1 mernal

wicw of he truceenl tnlerontion [ Gunnn).

Plenge cle this article in press as: Volenile, ALE, el ol Compated londography ol the vertebral colupin ind cedome -, V. 1.

(2006}, dlod:l 0100 6/.uviL 2006, 08,018
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Fug. 0, (A Dodsal procs anslamssal section, (B mulsplaser OT (iransverss plame  soll-Ussie window) and () 30 CT reonssl nactions of the isapiraiany

erasd ol (he loggerhend sea rugtle, 1, Beonchis; 2, 60h cervcal vertehra; 3, pilmanary amery; 4, pulmonary v@ng 5, iraches; 6, sstrmpialmonsry broms e

Fig. 7. Muliyplanar CT meonsiractions, (A, B dorsal plang, C, [} sagiial plane; boib wilh CT bang wimshow) of the lungps of o juvanils lopperheml sa

riftle 1, eamiral beomchis; 2, pulionany vissalalirg 3, puliiionary areey 4, IIII.||I||I|IH|:| VR

Fig. £ iAb Muligplanar reconstructson {dorsal plane  s0-Lissue wimdow)
and {B) comesponding gross anatonsical section of o small juvenibe
lopperbend se tartbe. §, scapubs; 2, 15t padr of ribs; 3, &h cervical vertehra,
1, Ind doreal vectetbira; 3, pulmonary parenchyima

trum are concave, and mstead of a Gypacal intervericheal
dhise: wath meclens prfpormy as oocurs in mammals (ocoelos)
a cartilage phag is present in the miervericbral spaces, Ths
kind of centrum 15 a feature of early reptiles’ vertebrae that
did not apparently move very much relative to ong another
(Willisian, 1914), a5 & ithe case with the iuriles’ dorsal ver-
febroe. Informahon concerning the vertebral column of the
loggerhead sca turtle 15 scarce. Wyncken (2000} described

| Plengs cite tuis artick: in
(2000, des: 101016/ L0l 200608018
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the general vertebral gross analomy of the sea furkle. How-
ever, detailed information focusing on vertebeal morphals
ogy and itz arrangement was nol provided,

Knowledge of the miervertebral formmina pasation and
the morphology of cach vericbra obtamed with MDCT
could alse potentislly improve the evaluation of the spinal
cord and nerve roots in magnetic resonance images of mur-
tles wnth earpace mpanes asaecintéd with nenralogeeal
signs. These may resull from propeller or hull impact,
shark-bite wounds, and the action of fshermen who may
deliberately canse head trawma io trtles presumed (o have
reduced catches or damaged equipment (Panagopoulos
el al,, 201 McoArthir, N Parga ot al, 20605)

Although CT is nol the most suitable dingnosise fech-
nigque to evaluate solt tssues we have obtained pood
mages of the heart, stomach, biver, gallblodder, kidneys
and some parts of 1he inteésting. Due to the fattened shape
of the turthe’s body in the dorsoventral direction and the
unpsnal domsal pesition of the hangs, CT images ol Uhe -
Hles” coslome covaly differ fromm Those observed o domesie:
animals such ax the dog oamd cat (Te Rycke et al, 2005
Samin el al., 1998), In iransverse CT muages of the thorac
cavity of dogs and catls using the lung sefting it 15 possible
1o identify the hearl, larpe vessels and anatomical struc-
tures in the mediastinal region because of the conteast
formed by the lungs, which almost totally hll the thorace
cavity. The position of the heant of the loggerhead sca

as: Valente, ALS. et al., Camputed tomography of the vertebrul colwmn and coekontic ..., Vet, 1. |
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F-ia; W, Transverse CT im:':a_rmm.lluug wilmcdow| of 1the renal rpginn ol mr:y{umding anasomical sacion ar:..jmenilrlnggthd g TuRtle A, wsction
lcabson; B 1, kxlneys; I, mistmal loop; 3, pube bines. C: 4, renal vams; 5, branch of the exiemnal s vam. 6, avria arlery.

turthe, with the atria lmited cranially by the pectoral mus-
cles and the ventricle limited Literally by the hepatic lobes,
does not provide the sir-tissue interface contrast usually
observed i CT mages of the mammaban thorax, On the
other hand, the normal difference in densaty of these organs
miade it passible to distinguizh theni. In juvenile loggerhead
G turthes 3 wide window between the befl and right hyapl-
astron was observed m our study, which coincided wath the
cardiac aren. The position of the heard was similar to that
found m the tortoise and other turtles. However in these
species, the hyoplastron bones and endoplastron are joined
close wwgether forming an unique bony plate covering the
whale ventral surfoce of the eoclomie covity [ MeArthur
¢l al., 2004]. The bone gap in the plasiron o young logger-
head sen turtles moy make them more valnerable (o com-
pressive injury when accidentally captured in trowling nets,

In this study, we have verificd that MDCT is a uscful
tovol to identify the position of the acsophagns and its rela-
tromship with the Erschea and bronchia, This could help ch-
picians to evaluate the extent of damage produced by an
accidentally swallowed fishhook caught in the digestive
troct and determine the best way lo access il i o surgical
procedure. Since per rtllill:iILE: vesophapenl lesions could soe-
oavcarily aflfect the laryns (Oords et al., 2005}, and therelone
the upper airways, virtwal Bronchoscopy could be used 1o
evaluate airwvay integrify.

Ome of the most important clinical contributions of CT
examination is in relation to the polmonary system. Cras-
miocaudal and itersl radiographic views are normally nsed
for detecting pulmonary diseases in chelonions {Hernane
dez-Ddvers and Hermander-Divers, 2000 ), However, when
associated with fracture of the carapace, local mflamma-
tary response and bone ragment superimposition wsually
in!q'u:de an socurate evalustion of the |‘|I,1I|'|'|4‘mr|r'_\- parEn-
chvmin,  Mulb-detector m1r|1|:l|1¢4.1 tomagraphy  provedes
pecurate mformation on the lungs and airways becamss
the slow respicatory rate of chelonians associated with
the lung-air contrast permits high quality visualzation of
the lungs and the airways. The general morphology of
the respiratory tradt of loggerhead sea turtles described i
our work 1% consistent with that of a previous histelogical
work performed m hatchings of this species (Fleetwioud
and Munnell, 1996). The position of the carina found in

our study appear (o be shightly more caudal than in lmd
tortoises, in which the trachen bifurcites afler coursing a
relatively short distance down the neck (Murray, 2006).
The difference i the position of carna in this case scems
tor be related with the morphe-functqonal charactenstic of
the neck observed in different groups of the Testudines.
In tortoies and mast mrthes (Cryplodira) the neck verte-
brae flex vertically, allowing the head to be drawn straight
back within the shell. In these spectes the most cranial posis
tion of the carna allows breathing even when the head and
neck are withdrawn. As i sea turtles the ability to retract
the head has been lost (Pecor, 2003), the relatively caudal
position ol the bronchm] brlareatson does not cause any
breathing impediment,

In chelontans in particular, the analomy of the Jower
respiratory tract 18 of clinical imporiance. Inflammatory
exudates particularly those associated with infections dis-
eases fend to accummlate in the dependent portion of the
lung. Thas location prechsles timely climination through
the bronchi and trachea as one would expect in mammalian
patients (Mureay, 1996), Pneumonia in the red-cared slider
{ Trachemys seripra) has been detected i shghtly parame-
dian sagital CT scans i owhich the normal reticular lung
paticrn is found o be missing (Wilkinson et al, 2004}

The kidneys of sea turtles are located retroperitoncally
between the peritoneum and the shell and differ in the mor-
phology and angis-prchitecture from those found in mam-
malinng {Wyneken, 2000 ). They are metanephric and lack a
distinct cortex, medulla and renal pelvis. The kidneys were
seen as o homogeneous parenchyma m CT images conirasi=
ing only with the p-:riphl:ral fat present between them and
the carapace.

The general anatomy of loggerhead sea turtles is compa-
rable to that fosnd in other chelanian ﬂpﬂ“iﬂ bat with it
lerendes i the relative sime of soome organd, For mstance,
the lungs of tortoses seem (o have much morne volums than
those of the loggerhead sea turile. In transverse section al
level of the heart base, in a tortodse the lungs occupy aboul
two-thirds of the height of the coelomic cavity {Wilkinson
et al., 2004}, whereas m [oggerhend sea turtles they ang only
in the dorsal third of this cavity, In the former, 1his organ
has o pyramidal shape tapering in 15 condal end, and in the
latter the lungs are more Mattencd, In addition, the pectoral

Flease cile b amicle b
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musculature in loggerhead sea urtles observed in this study
was more developed than that of torwoises (Wilkincon
et al., 2004).

The wse of MDCT allowed a fast examination, multipla-
nar reconstrcions and an excellent 31 valume rendenng
which provided assezzment of the skeleton and lung mor-
phology m greal detail. Comparison with the anatomical
sections was indispensable in our study to recognize the
parenchymatons organs i the CT images, abhough i1
was difficult 1o distinguish abdominal solt-tisse siroctunes
such as intestine portions, pancreas amd reproductive
organs because of their small size andfor a lack of contrast
between them and the surrounding Bissues,

5. Conclusionms

Computed tomography solves problems of superim-
poscd skebetal structures seen in plain radiegraphs and
can be used 1o evaluate fractures, luxations, bone deminer-
alization, neoplazia and visceral caleifications.

The slow respiratory rate of repliles associated with the
lungsair contrast allowed the lungs o be visualized in
detail, suggesting that this may be a technique potentially
suitable for diagnosing a grest wvariety of pulmonary
pathologies. The morphology of the lung of juvenile log-
gerhead sea turtles seen using MIMCT i consistent with
the morphology reported in a previous histelogical study
performed in hatchlings of the same species. Compared
to other diagnoste imaging modalities, MDUT provides
excellent informabion aboul the respiratory syslem and
skeleton in & short examination time, thereby minimizing
the risks of anaesthesia, The location of the coelomic struc-
tures with respect 10 the carapace and the vertebrae that is
provided m this work will Tecilhiiate the examination and
mierpretation of other ancillary dingnostie technigues such
a3 ulieasonnd and X-rays, miproving safety of access n
biopsics and surgical procedures as a result.
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Sectional anatomic and magnetic resonance
imaging features of coelomic structures

of loggerhead sea turtles

Ana Luisa 5. Valente, DVM, MSc; Ralacla Cuenca, DVM, PhD; Maria Angeles Zamora, DM: Maria Luz
Farga, DVM, M5c; Santiago Lavin, DVM, PhD; Ferrdn Alegre, DVM; and lgnasi Marco, DVM, PhD

Objective— o compare cross-sechional anatomic
specimens with images obtamed via magnetic reso-
nance imagmng (MBI of the coslomic strictures of
logoertmad sea turtbas (Caretta caretla)

Animals—5 chrcally nommal I uriles and 5 dead
furtles

Procedures—Bl was used (o produce T1- and T2-
waighted images of the tubes, which were com-
prared with gross anatomie sections of 3 of the 5 dead
rtles. The other 2 dosd witdes recened  igection
with latex and were dssected to provide addiional
cardicvascular anatormie data

Results—The genaral view on the 3 onented planes
provided good wnderstanding of cross-sectional
anatomic features  Likewisa, major anatoimes stnic-
tures such as the esophagus, stomach, lungs, ntes-
e dusdanum and colon), Inver, gallbladder, splean,
kadneys, unnary bladder, hean, brondh, and vessals
could be clearly imaged. [t was not possibile to recog-
nwe the ureters of reprodecte tract

Conclusions and Clinical Relevance— By providing
reference inlommanon for chneal wse, MBI may be
valuable for detaled assessment of the miamal
anatomic structures ol leggerhead sea wirtles
Drawbacks exist in gssociabon with anesthesa and
the cost and availabiliny of MBI, but the wechnigue
does provide excellent images of most intermnal
otgans. Informabion concerming struciunes such as the
pancreas, weters, miestinal segments Qeununm and
ibzum}, ard the reproductrse tract & limiled because
of mconsistent  visualzaton,  (Am J Vet Hes

200667 1347-1363)

Mngnr.tlc resonance imaging is asophisticated com-
puterized imaging technique used as a clinical
diagnostic tool in human medicine since 1971}
Compared with other diagmostic imaging tools, MRI
b advantages and disadvantages, Magnetic resonance
imaging does not use tonizing radiation and is not dan-
gerous o patients or technical personnel.” It s o pow.
erful techmique for obtaining images of soft tissues in
various planes without repositioning of the animal
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ABBREVIATION
MRI Magnetic resonance imaging

and it allows visualization of blood vessels without the
use of contrast medivm.' However, more time ix
required for data analysis when MRI is used. compared
with other techniques, and sedation or anesthesia is
wsmally needed. Ferromagnetic objects such as
microchips, projectiles, or fishing hookis can cause tis-
sue darmage and artifact spots an the image becanse the
static magnetic field and spatial gradient ficld induce
torque and tramstational forces on an object, which can
be displaced or heated.” The use of MRI is expensive,
compared with other Imaging technbques, but s use in
wildlife s justified in endangered species because of
the amount of diagnostic information that can be gath.
ered in o short period of time and with little risk 1o the
amimal. ™

Because chelontans have intermal viscera entirely
covered by osseous structures {(campace and plastron
hones), the use of MRl to visualize and evaluae the
coelomic structures has several advantages over other
conventlonal technigues that use radiographs, Inelud-
ing a representation of detailed crosssectional anatome-
ic features withomt distraction from superimposed
structures, variations in gray scale formats, enhanced
contrast resolution, and computer reconstruction of
multiplane images,' However, its true potential will
only be realized when sufficient clinicians have used
the technique on enough turtles o provide accurate
imterpretation of the resulting images.”

Some authors have reported the ME] appearance of
the internal structures in other species of chelonians
such as the spur-thighed tortoise (Testudo graecal,
Aldabra glant  tortolse {(DHpsochelys elephantine),
Hermann's wrioise { Testuedo hermend ), central Asian tor-
toise (Testudo horsfieldii), leopand toroise {Geochelone
pandatis pandaiis), Kinixys spp, and the red-eared slider
terrapin ( Trachemys scripla tl'rgans}.”" T the authors’
knowledge, the literature contains only 1 anicle tha
imcludes a description of cross-sectional anatomic
features correlated with the use of MRI to detect internal
tumers in green tunbes (Chelonia mydas) with cutaneous
libropapillomatosis,” in which the authors describe the
normal MRI appearance of this species on the basis of 1
healthy turtle and 3 dead turtles,

The loggerhead sea turtle is an endangered
species’ in the Mediterranean Sea mainly because of
high mortality rates cansed by fishing activite As a
result, this species is also the most commonly seen in

AIVH, Vol 67 Mo 8, August 2006
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rescue centers on the northwestern Mediterranean
coast, " Most of those mriles have internal da e from
hooks, traumatic Injurhs.ar digestive disorders caused
by ingestion of gsrhug_c In most cases, complemen-
tary diagnosthc imaging methods are necessary to
establish a dingnosis.

The purpose of the study reported here was to
compare cross-sectional anmomic specimens with
irrages obined via MBI of the coelomie structures of
loggerhead sea turtles,

Materials and Methods

Magnetlc resonuince tmaging was performed on 3 live
juvenile erhead sea turtles, 4 dead juvenile munles, and 1
dead su It turtle. Dead turtles were imaged onby to corre-
late the images with cormesponding frozen sections 1o permit
description of sectional anatomic leatures. Description of the
MR findings in clinkcally normal turtbes was based on the 3
healthy mrtles Sex of the wrles could ned be identified
because they were sexually immature and were classilied as
juvenile ar subadult acearding o ear bengrh " The mr-
tles had a mintmum #might ca ngth” of 29.5 to 40,8
cm and were accidentally canght in pelagic longline sets and
fishing nets along the nonhwestern Mediterranean coast
(4031 1o 4226 N' and 032 to 3°10° E) of Spain. For pur-
ﬁ’ of the present study, only those turtles in which the

k was superficially attached in or near the mouth and cas-
ily removed Ih-m:gh the oral cavity were Incloded. Live me-
tles were temporirily howsed in the rehabilitation facilities of
the Rescue Centre lor Marine Tarnles, Premid de Mar,
Bn.n:v:lnru. spain, and were [ed mminly sardines. Only lunles

health, as d:ttmuntd on the basis of results of phys-

rad logr and hematologhe examinations, were

scannn‘l- D tl.l:llﬂ were kept frozen until the MBI proce-

dure and were thawed 24 10 48 hours belore the MRI proce-
dure, depending on size.

The MRI was performed by use of a 1.5-Tesla supercon-
ducting magnet.” I::: imaging protocol consisted of sagittal,
transverse, and dorsal spin-echo Tl-weighted images (600 1o
QRVINE, TRAEMNEX) and fast spin-echoe T2-weighted
images (4,030 to 10,000/ 100/2; TRATENEX), with - to 6.6-
mm lice thickness without slice interval and a 288 X
192320 % 224 matrix. Depending on the turtle’s size, the
sequence variables, mainly the TR and TE, had to be
changed. No contrast medinm was used.

An initial attempt was made 1o restrain the head and
Mippers of the murles by means of a large self-adhesive band;
however, it became necessary to immobilize turtles via IV
injection in the dorsal cervical sinus with a combination of
ketamine® (15 mgkg) and diazepam’ (0.5 mgfkg), Prior to
the scan, heart rate was checked with a mini-Doppler instru-
ment and the mmles were carefully kept wet. 1 WerE
obtained beginning at 180 1o 300 seconds after the tles
were adequately sedated,

After the MR] images were obtained, 3 of the 3 scanned
dead mirtles were placed in individual nghi-angled poby-
sivrene boxes t'ill:l:rwith tap water [or the amatomic cross-
sectioning study. The boxes with the cadavers were frozen
at ~80'C for an least 24 hours before anatomic sectioning
Esch of the 3 cadavers was sectioned in an oriented plane
(saginal, dorsal, and transverse} 1o approximate the MEI
sections, Serkal paralle]l sections [rom 18 (o 20 mm thick
were obtained by use of an electric bone saw. The anatomic
sections were thicker than those of the MRl to maintain
integrity and position of the anmomic structures in the
slices for consultation during the study, It was expected 1o
fit 4 or 5 MEI sections to each anmtomic section, consider-
ing loss of material from the saw, Slioes were Immediately

washed with 80% ethanol 1o eliminate frost buildup and
remove debris and were then separated by grids. Alter label-
ing, the frozen slices were immersed for 30 minates in neo-
tral-buffered 10% formalin sohation for thawing. A digiral
high-resolution, 2560 % 1,920 pixel camem® and duyli

was used 10 recond the image of the fresh surface, Furt

image processing such as rotation, scaling, cuming, filoer-
ing, and corrections for contrast, brightness and color werne
pedormed with software.* In 2 other dead turtles, latex was
injected through the jugular vein and the dorsal aona.
Large heart vessels and renal vasculsture were dissected for
additional morphologic data. The anatomic terminology
applied was that of the Nomina Angtomica Veterinaria
Specific terminclogy for sca tumles™ was also applied. To
map the orgins in the coelomic cavity in relation to the tur-
the’s exterior, a digital grid was composed that was superim-
posed virually on each MRI dorsal image, with initial
adjusrment af the anterior and pesterior lines of the grid 1o
the crankal and cavdal tips of the carapace. For each turtle,
the grid was adjusted 10 carnpace size and the quadrants
were antomatically and proportionally adjusted (Figure 1)

Results

I live amd dead wrtles, better tissue differentia-
tien, and, by extension, easier identification of mor-
phologic structures and organs, was achieved via
examination in T2-weighted images. In general, organ
comtours were not so well defined in the images taken
in Tl-weighted sequence,

Anatomic structumes secn on [ 2-weighted images
of the cadaver specimens matched with structures
identified in the corresponding anatomic sections
{Figures 2 and 3). Compared with the live turtles, the
vessels and some parenchymatous organs, such as the
liver and the L.1dn::.:. of the dead specimens had hyper-
intense signals in T2-weighted images.

I the T1- and T2-weighted images of live and
dead turtles, some areas of the carapace and plastron
had a different kind of s:f,nul {Figures 2 and 4). Three
layers could be visualized in the transverse T2-weight-
ed sections of the carapace: a hypointense external
layer; a central, slightly hyperintense layer; and a thin-
ner, internal hypointense laver, The inner portion of
the carpace was lined by a hyperintense layer that cor
responded to the coelomic membrane and fluid. Arcas
ol carapace with an absence of signal in T2-weighted
scans were observed in the fontanelles (the nonossified
intercostal space in the distal third of the ribs"), For
the plastron, the connective tissue could be identified
in Tl-weighted images and only the bones could be
visualized in T2-weighted images.

The esophagus was seen as a tubular structure
joining the stomach dorsally from the first o the sec-
ond central quadmnt (F < 1, 2, and 4=8} of the
coebomic cavity, The esop al lumen and its conical
keratinized papillae were well visualized in transverse
and sagittal scans, whereas the S-shaped curve before
the cardiac sphincter was better | d in the dorsal
plane. In general, the layers of the wall of the digestive
tract were seen and the submucosal layer of the esaph-
agus was more visible because of the hyperimensity of
the papillae in the T2-weighted image.

The stomach was on the left side of the coelomic
cavity, occupying the second and third left quadrants
{Flgures 1=3], Tg.h orgn was directly in contect later-
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ally with the coelomic membrane, medially with the
Eu.ﬂ |:|.1||1 l::-r l!lr 1'1:ndr|||.|.||:| ..1:I1'I.I In-'rr, .'uld '|.'i.-r11.r.1||:..' W|I:]1
the left lobe of the liver; dorsally it was separated from
the leht [IIHE h}- the coelomic membrane LFigure 7). In
T2-weighted images, this organ was eazily dentibed
and the volume and intensity ol the :'«.':g;n.'l] ohserved in
the luméen was inconsistent.

I he lirst part of the dusdenum conrsed |:|;|.r.|.||r.|
to the candal border of the liver transverzely in the
coelomic cavity (Figures 3 and 6) from the second Idl
to the second right quadranis (Figures 1 and 2
Daorsally, in the second right quadrant, the firse part nl
the duodenum received discharge from the gallblad-
der via a common bile duct that was seen in the
anatomic sections but could not be clearly identified
on MRl images (Figures 3, 6, and 7). In live turtles,
the signal in this part of the small intesune was
hyperintense, compared with the liver. The cranial
duodenal llexure could be identified when the image
was compared with the anatomic sections, In 3 live
turtles, it was possible w see points of narrowing of
the |.1r3|: intestine (Figure &) that were interpreted as
phyziclogie,
pancreas, identified in the anatomic sections as a flat
structure attached in this region of the coelomic cav
ity, was difficult to recognize in live turtles because of
its isointensity, compared with the liver, In dead 2pec
imens, this organ could be identified becanse of the
f]'la'l.“t!f.‘\ ﬂr I||r I.I'i'f:l' ilgl].ﬂl. Dl!'l'."\-il:”.}: m lhf ."\ffﬂl“l
central quadrant, close to the liver and first part of
li'llﬂflﬂrl“l!'l_ was [11F .‘-]'IIE'fI], “']'Ilfll I'I.Hl! an En'ilj | Ci]
elongated form and vielded a slightly hypointense sig-
nal, compared with the liver, in T l-weighted images
and a hyperinense :\i.EI:IuII. inT2 wrigl‘l!r:t IS,

The descending colon was better visualized in the
darsal [:Ll:ur scans, [0was located rr.lrm:lr.ll.l:|.||l'|. on the
lett zide im the third lebt quadmm Figures 1 and 3) and
WS .‘II:I_IUII:IF:l [ Eel 1]1r reclum in Ihe‘ [ﬂl:ll'lh central r.|_|.|..|r!
rant (Figares 1, 4, and 8).

[he liver had 2 lobes that were imaged in the see
and left and right quadrants (Figares 1 and 2), respec-
tively. In this area, the organ was easily recognized in
all ]_'nlanr_-; of the MR sections (Figures 3 and 6-8),
Compared with muscle, the hepatic parenchyma was
hyperintense in Tl-weighted images and slightly
hypointense in T2-weighted images (Figures 7 and 8).
The gallbladder had an elliptical form with the major
axis onented almeost vertically in the second nght
quadrant, It was located on the right hepatic lobe and
eazily recognized in all 3 planes becanse of ns
hypointense and hyperintense signals in T1- and T2-
weighted images, respectively (Figores 6 and 7). The
great lele and dght hepatic veins coursed wransversely
in the left and right lobes, respectively, and were visible
in both sequences in live mnles and cleardy seenin T2
weighted images of dead wrtles (Figure 3). Only in 1
tirtle could the left hepane vein be easily recogmized in
[ 2weighted images.

TIIF hr.u.rl! W ||:|r.llri| '\"r!'l!l.'nll.l}' n 1}|F fﬂh!]'ll!f
cavity between the first and second central quadrants
LFigures | and 2} and adjacent 1o the |.||;|.'.Irl::-|:. The
veninele extended L'il.llljill.':r' to the ILfE).TI“:lL' lobes and
eranial ducdenal flexure (Figure 3). The myocardinm

irvegular, peristaltie movements. The
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had similar signal intensity to pecteral muscles in both
sequences, and in the T2-weighted images, the shape
of the heart could be identified becanze of the hyperin-
tense zignal of the pencardial fluid i the cardiac
sheath (Figoare &), In the transverse ME] zection imme-
diately caudal 1o the junction of the hirst and second
vertebral scutes,” it was possible to recognize the
Iransverse secion l::l' !Ilf Erru[ 'l.'r:-.‘-i.'l.-\-, :hlli.'ll s lll.f IE'FI
uu:l :'lg]ﬂ: aAGrta, E:IIII.II:II:}HIII:'}' u:lr:ir:., .uld l'.rr:nrhi-::-
cephalic tronk (Figure 8).

||1r" |1|u.-\.-tr|:ll:| btl-l:ir.-\. f!l‘r'ff'-li mast 1]{ [11r I.'rl!lr:Ll
surface of the coelomic cavity However, a large area
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t @ dead ogperhead
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8 = Fight

hepatic vein 9 = Pancroas

not protected by bone was identified in the images of
the cardiac reglon ol the ]l:l".'-l":ﬁilf specimens (Figure B)
and confirmed on the basis of csteclogic preparations
| Flgure 2],

The junctions bevween the nght and left cranial
VErna Cavae al[l.i.l ||'|.|.' If‘ﬁ IIFI'IIIJ‘I‘.' "r'l.'llrl. iIII'I.I. [hr rillHI.iI
vena cava could be imaged in a dorsal scan immediate-
Iy vemural 1o the caudal end of the esophagus, revealing
a L}'|_|E|ru| flawe 1.'L1|11.-||._z|u| |FIE_II:I'I" &) The .t.Ilan:. l|:|.|4'Lc.
right and left renal veins joined and formed the caudal
vena cava that conrsed rr.lni::liy.'. an the r'tg:hl side af the
coelomic cavity, toward the heart.

rt" I|J|'|3|.'| wele J'i:ll._illfll 'i]l::lrhnlil}' 1] rhr fl'_'lrllllrllf
cavity (Figure 2) and extended approximately three
quarters of the carapace length., Beeaunse of the grea
amaunt af air present, no signal was obeerved except
the discrete thin septa, which resembled a honeycomb
structure (Figures 4, ¥, and 6). The cranial part of the
lefr and right bronchh was external to the pulmonary
parenchyma, and their longitudinal sections were seen
in transverse scans of the caudal third of the first cen
tral quadrant,

The kidneys were locared dorzally in the third left
and right quadrants (Figares 1 and 3) and partially in
the third central quadrant and were better observed in
tranzverse and sagittal sections. In the latter, the kid-
neyvs' shape resembled that of a boomerang with the
great curvature insered in the internal concavity of the
carapace. [ he kidneys were hyperintenze in relation o
the adjacent muscles in T2-weighted images (Figure 8)
and [airly hyperinensze in Tl-weighted images,
Iransverse sections of the renal veins and external iliac
WEnd Weére SefnN N G ansvVerse scan. |..|rrlr:|!~ JIII:! rr|h:|n-
ductive stuctores could not be recognized. In live tor-
tles, the urimary bladder was identilied as a result of hs
fluid content, which was hypointenze and hyperin-
terige in Tl and T2 wriglﬂrd images, I'I’:\-[E'iili.\'l'l}'.
However, the entire contour of the unnary bladder was

fd o IFTIE
5 v tissue, 6 = Hyoplastron (plastron b
T = Fontanelles 8 = Endoplasteon [plastron bonfel O = Cardiac
aridg

F
[

1
A
i
not well outlined., :ﬁig.nn] intensity of zame coelomic

structures seen in I 1- and T2-weighted images was
compared with muscle (Appendix).
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Discussion

In previons reports™ of MR in reptilian species, it
iz stated that mast chelonian: do not develop major
problems during the time required for examination via
MRl and may not even require sedation. In the present
stindy ehemical restrabnt was necessary in addition to the
immabilization of the turtles head and fippers with a
large selladhesive band. Although all live tortles were
subjected to the same procedure under similar condi
tons (e, similar anesthetic dose, external temperatire,
body surface humidity, and physical restraint), wide
vanation in anestheve effect was obgerved during the
approximately 40  minutes  of  examination
Ilmmabilization had w0 be mantained by administenng
higher desex of anesthegia (up w 3 tmes the recom-
mended dose}, which wos s6ll insufficient to prevent
slight moverments of the lippers and head, Becanse most

Marowing of largs ting, 23 Rl EE e

stnchies that nzed MEI in chelenians were |-r|:'|'|:|m1r:4|.u:|.
tomtoizes, we deduced that physical restraint of sea tor
tles was |‘|.1||1|-:'Jr4|. |:-:\.-' the Fact Ilhill. unlike Lol oases, they
cannol retract their limbs and head inside the shell.
Conversely, the onpredictable responze o anesthesia
fiay have been caused by inability of the ketamiine-
diszepan combination o black reaction to the lond
nokee made by the magnetic palses, a2 has been obeerved
in 11-::-9;5.z In green turtles subjected to MR examination
for detection of intemal mmoars, a ketamine-medeton-
dine combination injected 20 minutes before the scan
provided adequate sedation.” Nevertheless, the
unknovwn indvidizal responses of logeerhead sea wirtles
to the powerful magnetic field wsed in MRL (30,000
times greater than the Earthis) need further research, in
view of the sea mortle’s known ability to orient and nov
gate by vee of electromagnetic felds 2=

Sea turtles may feed on garbage and floating plastic
bagz, which become hooked on the ezophapeal digestive
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illae.” Macroscopically, the sha illae resemble
mgsz {found on the b‘PLLﬂﬁ]:.II'I'I'LI.EEHa aﬁaﬁbf and sheep. By
use of the anatomic sections as meference points it was
verified that the papillae were formed by projections of
the submucosa and had an outer surface covered by a
thin keratinized epithelium that was not imaged because
of lack of ignal. The hyperintense signal observed in the
Ti-weighted images indicated water in the submucosa,
which a shiny appearance in the anatomic sections.
The exact function of these papillae 15 unknown, but
they are presumed o wmap food while excess water is
expelled prior to swallowing " Magnetic resonance imag-
ing of the exophagus muﬁ-bt imporant a8 a comple
mentary method 1o dingnose csclEPhagcal lesions and par-
tial obstructions caused by foreign bodies lodged
between or on papillae. The esophageal mucosa is not
clearly muallzcsakg use of endoscopy in loggerhead sea
turtles becanse of the larnge size of the papillae (as long as
2.5 ¢m), which prevents examination {rFl.hr underlying
mucosa and may obscure small foreign bodies.™ Lumen
narmowing often develops because J:r%r:hl: inflammatery
reaction and fibrosis at the point where fishhooks ane
lodged {notonly the musnﬁlg}::ntm the submscesa and
muscular Inrrrs}"", therefore, the duration of the healing
ess in sea turtles is lengthy. By permitting evaluation
of the regression of tssue inflammation after removal of
the hook is performed surgically or endoscopically, MR
could be recommended as pant of o release protocal and
would aid in decreasing long stays in the rescue center.
The |low-frequency cardiae movements did not cre-
ate artifacts that compromised image interpretation,
Although most internal viscera are protected by rigid tis-
sue {denmal bones), the cardise region was surprisingly
unprotected as seen by use of MRL The information
obtained via MR concumred with ohservations made by
the authors on osteologic preparations of juvenile nurtles,
We believe that these findings have not been reported
becanse previous studies lacked evaluation of the cross-
sectional relationship between the skeleton and the inter-
nal viscera. The scant ossification of the medial edges of
the hyoplastron bones in juvenile tirtles could make
them more susceplible to compression in trawling nets.
Although better images wene obtained by use of T2-
weighted images, it is clinically important to perform the
2 sequence types because Tl-weighted images could
reveal changes in the water or fat concentrations in
ongans, indicating the possibility of infiltrative inflamimea-
tory processes, edema, liver fat degeneration, splenitis, or
hydronephrosis, Likewise, T1-welghted images conld be
useful in sea wrtle ehabilitation ﬁ:r detecting crude il
ingestion, a frequent finding in dead turiles ™
Topegraphie anatomic features and their correla.
tion with MREI are well documented in various mam-
malian species. ™ Although we could not find repons
of studies that used methodology comparable 1o tharof
the present study, comparison of the internal organs of
turtles with these of dogs scanned at 1 Tesla unit
revealed the same :lllﬁcuﬁslnm in visualizing the pan-
ereas caused by the small amount of contrast with the
intestine.”” The spleen of loggerhead sea turtles had the
best contrast in T2-weighted images, compared with
dogs, in which Tl-weighted sequences provided the
best contrast, The alimentary canal of dogs is best eval.

uated by use of mederated Tl-weighted images
because they provide good contrast between the intes-
tine wall and the surrounding fay tissue.™ In the pre-
sent study, T2-weighted images provided the best visu-
alization of the alimentary canal, This difference could
be related wo the nutritional status of the frec-ranging
turtles used in this study, which did not have the large
fat deposits in the mesentery that typically oceur in
domestic and eaptive animals,

In dogs, the Kidmeys are best delineated by T1-
weighted sequences, which provide good contrast
between the medulla and the cortex. Because turtles do
not have 2 distinct renal layers, the layers observed in
dogs are not seen in loggerhead sea wuntles.™ Unlike
dogs, the trtle kidneys were best recognized in T2-
weighted images and had a heterogeneous parenchyma
with high bloed supple

The morphologic characteristics of chelonians
cause difficulties in applying conventional technlques
for location and examination of the coelomic organs.
The carapace has 2 main layers, the inner bony dermal
layer and the outer scaly cpidermal layer.™
Differentiation of these layers observed in the trans-
verse MRI sections was attributable 1o the presence or
absence of osseous structures and connective tissues at
specilic peints of the carpace. The thin lzycr formed
by compact bone and the outer keratinized epidermal
layer account for the lower signal observed along the
external periosteal surface of the bone. These lavers
could be idemtified only in those wriles with cirripeds
encrusted in their shell because cirripeds act as hyper-
intense landmarks that permit kdentification of the
thickness of the hypointense outer layer. Cancellous
bone found in the flat bones of the cara and plas-
tron had a hyperintense signal, compared with the cor-
tical bone; this is anributable to the presence of bone
marrow, as in dogs and cats.” The fontanelles were
quite wide in all turtles studied and, therefore, provid-
ed a hypointense signal in the T2-weighted image.

Although the gross anatomic feanires of the ﬁc =
head sea tortles were similar 10 other sea turtles,” dilfer-
ences in the signal intensity of some tissues were
observed. In T2-weighted images of spurthighed tor-
toises and Aldabran ortolses, bﬁ:;d vessels had a hyper-
intense signal and the liver and heart were more hyper-
intense than the pectoral musculature,® Also, in green
turtles, the branching pulmonary vasculature was easily
seen in the dorsal plane because of the contrast between
its hyperintense signal and the hypointensity of the pul-
monary parenchyma” In healthy loggerhead sea turtles,
the blood and, consequently, vascular structures had a
typical void signal. Likewise, the signal intensity of the
myocardivm, compared with the skeletl muscle, in T2-
weighted images was isointense in loggerhead sea tur-
thes, wherens it was slightly hyperintense in green tur-
tles.” The same a nce of the blood vessels and liver
observed in those chelonlan species was seen in dead
loggerhead sea turtles in the present study. This change
in signal inte nsity, observed mninlj.-' in the blood vesse
and high blood supply structures of dead turtles, was
also observed in MR of dead wirtles and was related 1o
the absence of blood flow’ Caution is therefore recom-
mended for future descriptions of MRI studies because
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dead trtles yield different signals than live turtles and
should not be included indiscriminately in such studies.

Detailed images of small ¢heI):;ulam may be
obtained when the whole body is scanned. In large
chelonians such as sea turtles, the size of field of view
{30 X 50 em) and the gantry limits the single-sean
whaole-body examination. In this study, most of the tur-
thes were juvenile, so they were placed into the gantry
sideways to image the whole body in a single examina-
thon, However, a dead subadult sea tustle sean requires
2 steps, which requires examination time of 95 min-
utes and makes it unsuitable for a live turtle because of
the risks involved with prolonged anesthesia,
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5. ANNEXES — ADDITIONAL PAPERS

5.1. EVALUATION OF DOPPLER ULTRASONOGRAPHY FOR THE MEASUREMENT OF BLOOD
FLOW IN YOUNG LOGGERHEAD SEA TURTLES (CARETTA CARETTA) (IN PRESS)

Valente, ALL.; Parga, M.L.; Espada, Y., Lavin, S,
Alegre, F.; Marco, I. and Cuenca, R. (2007). Evaluation
of Doppler ultrasonography for the measurement of
blood flow in young loggerhead sea turtles (Caretta
caretta). Vet. J. Aceptado para publicacion. Doi:
10.1016/j.rv}..2007.03.006







YTVIL 1676
16 Aprll 2007 Disk Used

ARTICLE IN PRESS
Awallable online at weasw sciencedinect oom
"=, ScienceDirect The

The Vetermary Journal xxx (2007 aun anx

Mo. of Pages 8, Model be

Veterinary Journal

v plamder comilasa sl

Evaluation of Doppler ultrasonography for the measurement
of blood flow in young loggerhead sea turtles (Caretta caretia)

Ana Luisa Valente ¥, Maria Luz Parga ®, Yvonne Espada ®, Santiago Lavin ?,
Ferrin Ahgn: Ignasi Mamn . Rafaela Cuanca .

* Seweed d"Ecoparalogia de Favene Safvaige, Faculter de Vad, ke, A deatd e Baweal (ekf ¥ Beflaterrs, Bavceloms, Spain
B Cemire de Recuperacid off dmbmaly Moaring r:-‘u-r-.I'M 219, (8280 Premid e Mar, Rarcckenr, Spain
£ Daparsmmens ade Medicims § Cirrgia Animl, Facaltor de Fererimions, Dwiseraitor dadnomne de Barcedoms, (5188 Bellaterro, Boroelome, Spain

Acceptad ¥ March 007

Absrract

The aim of ihis study was 1o sdentily ulirasound accessible blood vessels m the koggerhead sea turile [ Caretsa carefta) and desenbe
their Dhoppler wavelorny pattenss, peak systolie velocity, menn veloeity, systolie/dissiolio muio ss well os pulspility ond resistive indices.
Bemode, colour and pulsed-wave Doppler examinations wiene oo [0 turtles, Flow acasurements wene necosded For the left and
right aorta, epigasric and internal ilias arteries, and right hepatic vein, Additionally, the large blood vessels of three dend turiks were
mypeted with Iates and dissected for anatomical suppart. A pambalic ow veloany profile was observed m all anesnies. The waveformns of
thee right and ket nartic artenes showed an unusual pattern when compared with mammalks. The hepatio vein flow velocity waveform of
the loggerhead sen tartke was Found 10 be dmilar 1o that in the dog although the Dow velocity in the C-wnve was higher than tha in the
Acvmve, The low resistonce Bow paltern observed supgests that the loggethead sea turile’s srgans require a conlinnous blood supply.

& M7 Publishee by Flsevier Lo,

Kaywordr Logperhead sea turtle; Blood flow; Dappler wave patberms; Ditmsonography; Repiiles

Tatrmbiction

The loggerhend sen tartle (Caretie coreria) i3 an endan-
pened species often admitted 1o marine rescee centnes in the
Mediterranean region. As is the s with other species of
chelomans, health asessmenl poscs o formslable challenge
fiar reptilian veterinarians die to the animals” specific mor-
phology and phyvsiclogy (Murray, 2006a), and ancillary
methods are usually requdred 1o obiain an accurate diagno-
sin Torthes in o state of shock or with no external resction
te mechanical timuli are frequently admitted to sehabilitz-
tion centres (Balazs, 1986, Stabenau ¢t al, 2001). Logger-
head sea turtles captured in fishing nets usually display,
om first appmaisal, signs of drowning andfor shook (Balas,

* Corresponding suthor, Tel: +34 92 551 10 2%; fax: +34 93 581 20 06,
Eoanail aadlrein; achafinovalihotmail com (A L Valsis)

RS - woe froml madter © 2007 Pobliched by Elaevier Lid,
o 140, TV L] | 20K 0%

1930, Stabenan et al., 20017, and i i Gregoently dificalt o
distinguish between o live snd a recemtly deveased 1urtle,
Doppler  ultepsonography  represents a0 nom-invasive
technigue that i wseful for the routine examination of
blood Qow in the vesels of many domestic specics {Seat-
min el al, 2000; Ferndinder del Palacio e al., N603), Tt is
an inexpensive technigue sumtable for repeated measure-
mens and with a wide Geld of applications, In sea turtles,
previows ulirasound sudies have focused the reproductive
physiology (Raostal et al, 1990) and the normal ultrasono-
graphic B-mexde appearance of cervical siructures and coe-
lomic organs (Malemie et al, in press). Information
concerning the use of Doppler ultrasound in sea tortles
has ool however been found i the hterature. Accurate
measurements of blood low arc essential in hremodynamic
studies and could be uzelul in establishing a diagnesis in
injured sen turtles, help in resuscitation procedures (Stabe-
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w el al, A1) and o monilor anaesthelized patienis
Turray, 2006b).

Reptiles have a complex cardiovascular sysiem, guite
flerent from that of mammals. They have many venous
vuses, venbreles incompletely subdivided into two cham-
s, anrdic arlerses and a renal pordal system (Wyneken,
01; Murray, 2006a; Holz, 2006}, Data on cardiovascular
waiology in chelonians are widely scattered in the litera-
re and are characterized by significant gaps. To the
thors" knowledge, o deseription of haemodynamic mens-
remenis for chmeal application in sea furtles hos not
en prablished,

The purpose of this study was to identify blood vessels
gily accessed by ultrasound in this species and describe
gir Doppler waveform patterns, peak systolic velocity,
ean velocity, systolicfdiastolic ratio and pulsatility (PT)
id resistive {RI) indices. Gross anatomical information
i the crculatory svstem (including the portal renal svs-
m}) iz provided o support the wentification of the vesels
amined.

aterfals and methods

B-Mesde, coloar amsd pulsed-wave Doppler axaminalons ware per-
med in 10 logperbeud sea turtles (four juveniles amd s subosdalls),
ng an Acuwson wlimsound machime (Computed Semography Siemens
BP0, in conjunction with 50, 00 and 7.0 MHz seclon phased amay
mbducers, The tunibes dvowdd o minimum Araight carapace length of
0 555 cm, o weight ringe of 3.5 26.8 kg, and were sccidentally caught
pelagic long-ling seis and fishing nets along the MNorth-western Medi-
ranean coasi (407517 42°26°N and F32" ¥ 10°E) of Spam.

Dunmg the study e turtles were temaporarily housed in the rebabili-
ioe facilities of the Rescue Centre for Marine Animals (CRAM}, Fre-
 de Mar, Barcelona, Spain. Only turiles in good conditson, based on
yiscal, mdiographic and Baamaiologionl parameters, were used m ihis
iy

The nminials weie masunlly rearninad s vemial ranmlsncy wilbiou
latiem, The Doppler evaluntion was perfomead in & sandand Lempors-
eepoitrellbad pod at e embiest temperature of 21 25°C, Ulraspand
& perfommed in 10 acoustic windows {cervicaladoral and cervical-vens
I, Iedt and eoghl ceracobrachial, ldi and oght suallary, ldb and nghi
demnomad asd lefl and pghi posifemoral) (Valente e al. i presh
wpling pel (Polans L, Gk Medicl Systemas) was placed an the sedace
the tramducer, which wis oricnbed mainly on the boriconiol plane. B
sile imnaping was wesd ie exumine (ke heant (ween in the cervical-veniral
mntse window) umd bape vessch uml (o guide the Doppler carsor
camsend i (L The same isvestignior performead all Dappler wlirssound
s .

Fallowing ihe onsmaton of ths glacinons: allipas, Dopplar iracings
re pecordad whin an angle of 437 or b betweon the wiimsound bewm
1 the derection of blood flow wos ochieval Freess tmeee omd eloctronse
mors wire uwsad o make the messuremanin. The flow pammsizrs
isive inden | KO amd pubsatiily mdex {PL from oach waveform speos
o wire mesksuned and cabulated wing the intemal oallipes snd he
Myl softwage of ihe ultmeound unil following ihe  foomolae:
=% = S BL= 0 - DA and S0 ratio figsolic'disiolic), where
& the systolic peak (mas velocity), B b the misinnem dinstolic velociiy
1 A b thee temporal mean velociiy over one canding cycle (mean veloc:
I Selvanatic drawings indicating (e scoustic windoes and (e veusls
ihested nas sl in Fig. 1 Thees desd tariles wore ingsoiod with latex
wiigh ibe pugular vais, lat snd right sesile srieries and Gemoral vein
e Inrge hesrt Is amil renal Inture were di d Fowr ssdiliional
aphological daia Specasic snaiomieal lamisology for e turils was
oplad {Wynckm, 2001),

A

Fip. 1. Schemtic drowings of the lrpe vesseh: inothe surdise, hepatiz nnd
renal nrems {some seen in ihe uimsound exsnminadion) of loggerhead sen
mirtles. Aneriss are representsd in black and veing im white. (A) dorsal
view of the aren of the heart and (B laseral view of ibe renal area: 1, el
acriac 2, right aoria; 3, sbdominal aorta; 4, candal vema cnac 5, righi
hepatic vein, b, gallbladder; &, venous sinus al junclion belween papular
am brachial veins; 7, remal vem; &, eplgasinic anery; ¥, misrmal lliac anlery;
10, aliae veim; 11, bypopasins van (sedal porial renal veink 12, epipasin:
wein (lnieral porisl rennl veink 13, feeur. &, Kidoey; T, ke convieobrachial
nzmeii: window; [5, serviesl-venienl seouaiie windaw; (08, righi corvien-
bruchial acountic window, [V, tight asillary scomtic window, V, lcf
prefempmi noowais wisdews VI, lefh prafemsaml seemaeiz wind

The datn were unalyzsd sbulsiscully with STATISTICA [or Windows
Seat Saofi. Iec) sofiware The data were besdad for pornsality wiih ks
anupu- Wk desi, Pxired 1 ievis were weed io B TTLE AT L
im poined vessels (ke and right side] and differences wers considered 1o be
sigmifienni m < 0,05,

Results

The mean heart rate was 29.1 beat/min (range 23-36).
The highest rates {30-36 bear/min) were found in the juve-
nile trtles wherens vahnss ranged betwesn 73 and 37 beat/
min in the sub-adulis. Two subsadult turtles with heart
rates of 30 and 32 beat/min, respectively, were above the
mean vahue for this group. In the juvenile rtles, the heart
was entirely seen using a dorsal scan through the ventral
cervical acoustic windows, An echocardiographic appear-
ance of hyperkinetic veatricular motion with an exagper-
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ated ventrcular wall moventent was observed. The left and
right aortic ameries, epigastric and internal iliac arteries.
and right hepatic vein were identified via ulirasonsgraphy
bt the iliac veing could not be visualised. The 7.0 MHz
transducer was better for visualising the renal area and
the postiemoral acoustic window, To asscss the heart, wor-
tic arteries and the right hepatic veitn the 3.0 and 4.0 MHz
transducers were used.

The left and right aortic arterses could be seen through
the left and right cervieabrachial seatishic wandows, resped-
tvely, From (hess windows, a comples imape crosang
many veswels was frequently observed at the cardiac base.
Identification of the aortic arteries was based on their posi-
tion, shape {a pronounced arch), large diameter {08
14.8 mm) and cowdal blood Qow direction (Fig. 2A and
). The vessel walls appeared as parallel, hyperechox, thin
lmes. A crosg-section of the left and mght aortic arches was
ales scen when the cervical-dorsal window was examined
They were medual to the venous smud Tormed by the junc-
vion of the external and intermal jugular veins and the axil-
lury vein om each side (Fig. 2B). However, in this acoustic
window, the angle betwesn the ultrasound beam and the
vessels was in most cases almost perpendicular, generating
unzuitahle images far blond flow meazurements. The vizu-
alization of the aomic arteries through the ventral cervical
acoustic window was inconsstent.

The wavelorms af the right amd left aarie aricries were
similar. A parabolic Bow profile withoul a spectral window
was ohserved in eight turthes (Fig. 3A) and a discrete (mild)

speciral wandow was present only m fwo turtles Valoes of

flow memsirements ared mdsces arg showed in Table 1, Na
statistical differences were foumd between the flow parames-
ters from the left and oght aortic arteries. Compared with
other arteries measured m this study, the aortic arteries
showed the highest pulsatility and resistive indices.

Ihe right hepatic vein and its junction with the candal
vena cava were clearly seen through the right axillary
acoustic window, its echogenic wall enabling clear identifi-
eniion in the hepatic parenchyma, Close by, and positioned
medially, the venous sinus of the rght atroum was seen, ancd
used a5 a landmark. Flow coming toward the transducer
{abowve the baszelineg) and a tmphasic pattern in the blood
flow velocity profile was observed with A and C waves
being identificd. The C wave was higher than the A-wave
(Fig. 3B).

Posiioning the probe parllel to the cormpace af the
prefemoral acoustic windows enabled us to asséss the feft
and rght epigastric artenies, which crossed caudal to the
kidneys and their gross anatomy indicated that they were
ml mvelved in bloosd supply to this organ (Fig. 44), & por=
abalic Bow veloaty profile wax observed (Fig. 3C; Tahle 1)

Anatomical dissections showed that most of the remal
blood supply was provided by the renal portal system com-
prising too large renal afferent portal veins: the hypogastric
vein, penetraling the kidney caudally, and the epigastric
vein that enters this organ laterally in 13 cranial hall
(Fig. 5B). These veins and the renal arteries could not be

Fig. L (A} B-made ond colour flow Doppler ulimsound image of lurg
vesszls of loggerhend sea tartdes seen through ihe kefi carvicobruchio
acoustic window ired for Doppler shifts towards the uhirnsound beam ans
hlue for shifls nway from it). (H) B-mode ultrasound mmage of (he sam
arch semn through darsal cervical acoustic window. Cursors measure th
dinmctor. (& Yentml view of descciod henric 1, Idt norisc arch; 2, nigh
WOt 0L l|5||| aoilig ||I..!|'-. Y, HEUF Yeious 1For ||.'\.|-\.'IPHIJ.I|I\.IIL of ik
ridavsnsss (o erlour i ibas Bpure lepensl, ibs raulsr = relorrel foe ibs wal
versson of ihis snicle)

clearly identified in the ultrasound examination, Only the
renal vein {a single large efferemt renal ven as shown e
Fig. 5A) could be observed consiztently in the ultrasounc

Plense ke thin aorticke in press e Yalete, AL el al | Evaluition of Doppler ullnmonopgraphy For ihe oemvumement . The Velor-

mary Journal [2007), dode D0 1006/ L2007 03 s
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Fig. 3, Doppler wavelormes of largs veasls of |oppsihead wa tirtls, (A
(LX) indarnal dliag amery asd () pormsl pattemn prohils of (he soma of

examination, and was positioned cranial 1o the kidney
{Fig. 48 and )

The ternal iliae arteries were klentified in the posifies
moral acoustic windows. The ultrasound beam was direc.
ted crando-dorsally, dorsal to the hip joint. The arteries
were consistently seen in the pelvic musculalure passing
dorso-candally to the ilum (Fig, 6) and showed an unpro-
noanced svstolic peak followed by decreased continuous
flow. Blood Aow measurements are presented in Table 1.

Plese cife th article in prss
inary Jowrnal (J007), dadzi0, 10083, eaq L2007 03 00
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Discussion

T humans and domestic antmals i1 is known that endo=
thelial dvsfunction is present in mdividuals with artenosche-
rosis and other causes of chronic heart failure, which could
be diagnosed by abnormal responses in blood fow (Glagow

et al., 1988; Koagawa et al., 1995), In the case ol reprilians,

there 18 scant information for clmscians concerning (uncs
tional anatomy, circulatory physiology and pathology

... The Velers
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I'shie 1

Pk systolic veooily | Feg), mean velomly (Pl pulsatility (F1) and resstine (BRI mdicss, and systoli’dinstoli: naso in juvenile and sub-adul

I Ll head sea tuniles

Arlencs T [
Lefi aoria 0.22 = 0.08 0.12 &= D.0S
Right noria 0. 1% 4 .07 O 4 (RO
Lefl cpigastric 0. 14 =+ 0k 0,06 £ 002
Fight spigaiteis 0,14 4 0s R ER T
Lafl mlérnal il 0.13 & 0.0 0.08 & 004
Right imternal aliac 0.13 £ D.05 0.08 £ Dl

Mlesn £ ptsndsrd devisson are presentsd.

(Dangerfeld et al_, 1976; Cwcn, 1977). The absence of phys-
1ological parameters could be a ponecipal obstacle to resch-
ing o diagnosis of circulatory failore n this nmmal group.

I'he heart rate observed in our study and its negative
correlation with body mass agrees with data cied by previ-
ous authors for the species { Chittick et al, 2002; Hochse-
hewd et al, 2002}, Physical distress due o manual
restrunt and some room temperature oscllation dunng
cramination could be respongible for the beal moenzee
obzerved in wo sub-adult turtles

The small acoustic window created by the scapular gir-
die bones, camnpace and plastron bones limited access 1o
the aortic artenes and did oot allow transducer rwtation
1o obtain different views as is possible in dogs, where the
left enndal |.1|'|L¢.'.I'| |1.:|::H.r|.'rr||:|l laestion 15 mmmnnl_\ HETCT |
1o measure lelt ventnncular outllow triel and aorc root
hlood Bow velacities [ Kienle and Thomas, 2002)

The atypieal anertie wavelorm observed in this study
seems o rellect the differences 1n the cardiovascular anat-
omy aml physiology between mammals amd reptiles. Fo
cxample, in sea twrbes there are two aortic artencs, the
shunted ventricle 8 partially divided inta three chambers
| CiEn _|!1|'l||l|l|l!-'.||'|:f|'lf.'. CUERTE PRI I:I'I'll:! COPMTT Arferiosrn]
amd the animils have low bload viscosity (Wells and Bald-
win, 1994), In sea wrtles, the bood Bow can be aliered 1o
shunt elther deocygennied blood to the lngs or oxygen.-
aled Blood 1o the bady, provichng the anmmal wath grented
control over 118 bload flow, allowing long diving times
(Hicks, 2003

When the lungs are being ventilated and pulmonary
resistance 5 low, as much as 8% of the cardiac output
gots 1o the lungs (Murray, 2006a), In this case, during nor-
mal respiration, atrial syslole causes blood 1o Now mla the
single ventriche filling the covwm prulmonare and vemonw
Coneurrently, pulmon:ary blood runs from the lefl atrium
into the corum arieriomrn, During the veniricular sysiole,
blood from the comm cemosion amd medmonare lows 10
the low-pressure pulmonary cireuil and blood from the
certrane arferienen 13 forced through the partially contracted
cavip perosin to exit the heart via the left and right aortic
arches {Murray, 200a).

According to one hypothetical analvsis illustrated by
Hicks (2002, in this kind of ciculation, the ratio of peak
systalic Blood presure in the svstemic and pulmonary
flows is close bo 120, The beart Tunclions as a single pressure

[ Please clie: this articke in
mary Joumal C007Y, dod: IO 1016/ 0w] L2007 02,006

PL 14 Syatobkediastol
137 4 0,84 Q.71 010 1E] & 1.27
150 4 0,36 BLT0 4012 ETE 4 1.M
LSS + 030 05t +0.11 057
104 4 041 DE% 410,12 26 4 0,84
0A5 & .45 D46 2013 1951 0.58
A3 + 0.6l 048 +0.16 L.16 1 0.56

1A Arrow indicates the lefl o
iseen in vellow, emergy Doppler nnaplinede flow) i the crndo-veniral par
l'“hf'l.llll'lf_'a' () Rensl vem. Cr, craninl; Ca eaodad. | For IRErPreinlice
of Uhee pefferaoss 1 cobour i ihis |i!l.'ll'.'|.n:E|.'III| Bl resder & pelfanal i th

t1ery, (B} Presence of blood flis

sl versiom of thes anicle

as Yalenie, AL ot al, Eviluntion of Doppler wirasonograply for e measurement _., The Yeler-
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Fig. 8. Gress snuesemizal dizeection of o loggerhead wm murde kideey, (A) Vel view, | B) Doreo-bsieral view jkidney parisdly remeved). K, doral faoe
of Kidaey; 1, réemal véin; 2, abdontinal aoria ariery; 3, renal snérics 2, eviernal iliae arery; 5, epigasiric artery; &, illag veim; 7, epigastric vemn (laizeal renal

podtal vk 8, hivpogasiric veln {ouds| saeal poial wanh

Fig. 6. Ultmsousd view ibrosgh posifemom! ocoustic window of o
boggerhead sen nle. 1, intemmal iling artery; 2, ilum

pump, with shunt direction and magnitnde varying by
changes in pulmonary and systemic vascular resistances.
The mammaban ratio of systemic to pulmonary vascolar
resistance 15 between 7.0 and 1000 {Van den Bos et al,
19682). Simce differences in How wave shapes can be
eaplained by the smount of reflection in the vascular bed
{Van den Bos et al, 1952), the phylogenetc development
of a double circulation with systemic and pulmonary vas-
cular cicuils (high-pressure and low-pressure carculations,
respectively) in mammals could be the principal cause of
the differences found in the aortic protiles, P1 and R1 of
the loggerhend sea turbe compared with dogs (Mibo
et al., 2004].

Ventricular contraction tends to bring the heart apex o
the muscular redge separating the covan pulnarere from
the coren arrerfomm and ceresiom, (hereby creating a bar-
rier apainsl the fdow of blood from the caremr arreriosum
into the cooen pufmenare. The exapperated (hyperdy=
namic) ventricular wall motion observed in our siady is
consudered normal for chelanians (Murrny, 2006a) and 15
also present in dogs with left-to-right shunts or vahular

regurgitation when end-dinstolic volume is increased and
end-avatalie voluime 14 normial to slightly inereased (Koienle
and Thamas, 2002)

The hepatie Hew velocity wavelorm found in our study
rescmbics those known for the dog and the ball pythan
with A, © and Vewnwes being idemified (Finn=Rodner
and Hudson, 1998; Starck and Wonmer, 2005), However,
unlike thos: fndings, the specttum was observed above
the baseling in owr study, Tnterpretation of the Now dinec-
tion is related to transducer positioning and apatomical
features of the species examined. In dogs, ulirasonographic
examination of the hepatic vein i performed by placing the
transducer on the wventral midline directly condal to the
siphiosd proeceas of the sternum, with caudal-crmmal orien-
tation of the ultrasound beam (Mattoon el al, 2002). In
the ball python, the inmpes wene oblained by placing the
fransducer on the lelt side of the rge veniral scales, with
the caudal part of the gallbladder being used as a landmarck
(Starck and Wimmer, 2003). In both species the ultrasound
beam crosses the liver cando-cranially, n the same direc-
tion as the bloed Aow in the hepatic veins, A positive
Doppler shift is obtaimed if the beam is aligned m the direc-
tien of the Bow whereas a pegative signal (below the buase-
bine} s present when the fow 18 away from the beam
(Micolnides et al., NH2). In the loggerhead sen turtle Uhe
right hepatic vein was assessed at its most cranial point,
through the axillary acoustic window, therefore the flow
was observed coming up to the transducer which could
explain the above baseline pattern observed.

Another difference with the dog is the A and C-wave flow
velocity, The A-wave represents the blood fow velocity in
the hepatic vem durimg atrial diastoke and the Cavave repre-
sents thie bload Now 1.:Im-j:3, mn Thi vein l]l:lri:IIE The ventrg-
war diastole (Pozniak, 2002). Flow velocity peak in the C-
wave was higher than that in the A=wave in the loggerhemd
sea turtle i the present study. This pattern has also been
observed i ball pythons {Starck and Wimmer, 2005) and

Plesse cite thix article in
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could be related 1o the hyperkinetic motion of the ventrcle
dunng ventricular dinstole when the ventricle presses
agamsl the flied atna at the same tme as the atrovenine-
lar monocusp valve is opencd, cousing 3 more rapid expul-
sion of the blood from the atria. Additienally, the bght
atriwm fills two of the three compartments of the single ven-
tricle, the cavnnr cemosian and carwen palrranale, while blood
from the left atoum passes dircctly to the cavwm arferionan
(Mureay, 2006a). During the atrial systole the Aow neary
stops and 4 slight reverse flow was observed, as ocours in
dog ( Finn-Bodner and Hudson, 199%),

There is a greal pavcty of mlerpretative studics of the
Daoppler spectrum in repriles, The low resistance flow pat-
tern observed in the arterics studied here, indicated by
broad systolic peaks and continuous, high velocity flow in
diaztole with pradually decreazing welocity (Porniak,
200r2), has also been seen in the ball python in a postprandial
comdition (Starck and Wimmer, 30035) and suggesis that the
Toggerhend sea turtle’s organs need o contimons hlood sup-
ply. Normal peak flow velocities in systole in the omfow
tract regions and proximal large vessels in dogs and cats
are usually around 1 m/s with some patienis having veloci-
ties approaching 2 m/fs (Kienls and Thomas, 2002). In sea
furiles we found How velocilies 10 fimes less than thoss
described. The pulsatility (PT) and resistive (RT) mdices
the aoric artenes were lower than those descobed for dogs,
where P1 and RI in the abdominal aorta artery were 3.09
and 0.91, respectively (Mifio et al, 2004). P1 and RI values
from ather reptilian species were not found in the literature.

Anatomical studies on the renal portal system have been
carried out in varkols chelonkan species, and anatomical
fermmaology apphed 1o the vessel has been confusing.
Wyneken (2001) stated that in sea turtles the hypogastric
vieim enters the kidneys posteriorly and ventrally, The renal
porial veins drain from the dorsal kidney capillaries into
the external iliacs at the level af the epigastric vains, or inta
the posterior extent of the abdominal vein, However, in
this work the schematic drawing presented does not permit
clear dentification of the hvpogastrse vean, Other authors
(Holz et al,, 1997, Halz, 2006) have descrabed the afferent
renil portal veins i the red-eared slider as being the ilisc
and hypogastric veins or genencally renal portal veins.

We have assumed thal the hypogasirio vein is o branch
of the external thae vem referred fo as the arcumflex iliac
vein by Holz et al. (1997). The iliac vein described by these
authors as enfenng approximately two-thirds of the woy
caudal 10 the cranial pole of the Kidney s the same as that
obzerved in the snatomical dissections of murtles in the cup-
rent stwdy which been lermed the epigasine vein. These
impoctant renal veins coukl not be visualisad and measured
in the ultmsonographic examination due to the small
acousic windows, For example, the epgasine van mns
close to the carapace bone along its lateral curvature, pass-
ing just dorsal 1o the prefemoral fossa, in an area Inacces-
sible o the ulirasound beam.

To measure heart rate in chelomans, Murray (20065])
indicated the usefulness of the Doppler low detector

placed dicectly over the carotld artery. In sea wurtles thic
artery would sesm nol to be as accessible ag in others spe
cies of chelomans because of its deep position and the largs
muscular neck. The internal iliac arteries could therefore be
used az an alternative way 1o cheek the heart rate in largs
turthes, when acocss 1o the carotid and aortic arches, eithe
through the neck or cervicobrachial acoustic windows, &
difficult.

Canclusinn

The Doppler wavetorm of the aortc aneres of logger
head zea wrtle differs from that known in mammals in tha
the plug flow pattern and the clear spectral window are no-
consistenmily observed. The low resistance fow patiers
found in thess large ameries reflects peculiarities in the car
diovascular anatomy and physiology of the reptiles, such o
the presence of two aortas and the shunted ventricle, Con
sequently, peak systolic velocity, mean velooity, pulsatilits
and resastive indices of the both right and kit aortic anerie
of the loggerhead sea turtle are smaller than those recordec
for the abdominal aorta of the dog. The hepatic vein flow
velocity wivefomm of the loggerhead sea turile is similar te
that of the dog, although the fow velocity of the Cowave &
higher than that of the A-wave. The vessels (hypogastos
and epigasinic veins) that form the renal portal svsiem s
the loggerhead séa turtle are similar to those found in the
red-cared slider, although with differing nomenclature usec
by previous authors.

Based on the results of this studdy, we conclude tha
Dappler ultrasonography could be an mportant tool is
detecting quaniilative changes in blood fow m the logger
head zea turtle, MNormal patierns and flow values providec
in this study could help in the future azscssment or evalua
tion of cardiovascular dizorders in injured turtles. Addi
tional studies using similar Doppler paranmieters including
an imcreasad number of turtles and adult individuals are
needad in order to complement the database on loggerheac
sea turtle blood fow,
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Abstract

Ingesta passage times of soft flat foam dishes and gastric emptying time of barium-impregnated polyethylene
spheres (BIPS®) were measured in 22 and 8 loggerhead sea turtles (Caretta caretta), respectively. Transit time (T+1) was
considered as the time between ingestion and first elimination, and retention time (Tso) and total transit time (Tss) the
expulsion time of 50% and 85% of the markers, respectively. The experiments were carried out at different times of the
year and water temperature was recorded. A set of dorso-ventral radiographs was taken to locate the BIPS®, and the
gastrointestinal anatomy of 5 dead turtles was studied to help with interpretation of the radiographs. No significant
correlation was observed between T+, Tso,Tes and minimum straight carapace length (SCLmin) or body mass and no
statistical difference was found in ingesta passage transit times between juvenile (n=6) and sub-adult turtles (n=16).
Mean passage times of the dishes (in days) were: T1=9.05, Tso =12.00 and Tes=13.19. Gastric emptying time using
BIPS® was 24 to 48h. . The transit time (T1) for the BIPS® was longer (13.25+4.86 days) than the foam markers
(8.5+2.73 days) in 8 turtles studied simultaneously. Although the total transit time tended to be faster in turtles submitted
to water temperatures between 20° and 23.6°C no significant correlation was observed between T+, Tso and Tss and the

temperature.

Keywords: loggerhead sea turtle, Caretta caretta, BIPS®, ingesta passage time, transit time, gastrointestinal tract

morphology.
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Introduction

The loggerhead sea turtle (Caretta caretta) is a world-wide endangered species which is highly susceptible to
human activity. The accidental ingestion of waste products from oil operations, plastic bags and other kinds of debris is
one cause of mortality of this species throughout its distribution (Balazs, 1985; Bjorndal et al. 1994; Tomas et al. 2002;
Milton and Lutz, 2003).

In some areas, such as the Mediterranean Sea, gastrointestinal disorders are common due to the ingestion of
fishhooks, which cause traumatic injuries to the gastrointestinal tract leading to death (Pont and Alegre, 2000). Most
turtles accidentally captured by fishing activities are released without removal of the hook. On admitttance to the marine
rescue centres, diagnosis of gastrointestinal disorders in these turtles is very difficult; necropsy findings frequentely
reveal severe gastrointestinal injuries such as enteritis followed by necrosis, bowel obstruction and intussusceptions
produced by the folding effect of the line pulling through the intestine (Orés et al. 2005, Di Bello et al. 2006 a,b).

In domestic animals, knowledge of the ingesta passage and the normal gastric emptying times are useful in
detecting gastrointestinal motility disorders and partial obstructions of the pylorus or small intestine (Manfred and
Camilleri, 1992; Guilford, 2001). The digestive passage time of inert and indigestible markers, normally plastic pieces, or
their simultaneous use with another type of marker have been used in many species, including chelonians (Lanyon and
Marsh 1995; Spencer et al. 1998; Hernot et al. 2006; Hailey, 1997).

Barium sulphate suspension is the most frequently-used technique thanks to its inexpensiveness. However, it
is not quantitative and evaluates the gastric emptying rate of the liquid but not the solid fraction of the ingesta (Guilford,
2001). When compared with a scintigram, the latter provides more accurate information (Goggin et al. 1998).
Alternatively, barium-impregnated polyethylene spheres (BIPS®) have provided a range of diagnostic options which
reduce the need to undertake exploratory surgery on cats and dogs (Nelson et al. 2001; Weber et al. 2002). The BIPS®
are inert, white and have a density similar to food, but are sufficiently radiodense to show up clearly on abdominal
radiographs.

In reptiles, mainly in herbivorous species, such as the iguana (Iguana iguana), Leopard tortoise (Testudo
pardalis), desert tortoise (Xerobates agassizii), Galapagos Giant tortoise (Geochelone nigra), Greek tortoise (Testudo
hermanii) and the short-necked turtle (Emydura macquarii), digestive studies have been performed to assess the normal
transit and retention times and functional anatomy of the digestive tract (Barboza, 1995; Taylor et al., 1996; Meyer, 1998;
Spencer et al., 1998; Smith et al., 2001; Hatt et al., 2002). The retention time in the aforementioned chelonians have
varied from 7.5 to 14.8 days and were strongly influenced by both temperature and diet. Mean transit time of herbivorous
species such as the Greek and Leopard tortoises were 2.6-17.3h and 6-6.91 days, respectively (Taylor et al., 1996;
Meyer, 1998). Hailey (1997) compared the digestive efficiency and gut morphology of omnivorous and herbivorous
African tortoises (Kinixys spekii and Geochelone pardalis, respectively). The author found the transit time was lower in K.
spekki (2.2 days) than in G. pardalis (3.8 days).

As to loggerhead sea turtles, Di Bello et al. (2006b) evaluated the post-enterotomy transit time of barium

sulphate in the intestinal tract of six animals. Gastric emptying times and total digestive transit times were 34-264 h and
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192-960 h, respectively. The authors stated that although often adequate for the diagnosis of obstruction, the procedures
were not easily performed on some turtles.

The aim of the current study is to report on ingesta passage times in the healthy loggerhead sea turtles using
specific indices such as the transit and retention times. Further, we have added the index Tss as ‘total transit time’
considering the long time of ingesta passage in chelonians. This work aimed to generate baseline data on digestive
physiology, and to determine whether the established method of transit time assessment used in dogs and cats using
BIPS® could be applied.

Materials and Methods

Twenty-two loggerhead sea turtles (6 juvenile and 16 subadult specimens) accidentally caught in pelagic long
line sets and fishing nets off the north-western Mediterranean coast of Spain were used in this study. Only those turtles
in which the hook was superficially attached in or near the mouth and easily removed through the oral cavity were
included in the study. Turtles showed minimum straight carapace length (SCLmin) of 31.5-54.5 cm and body weight of
4.4-22.2 kg. Juvenile turtles (n=6) were considered to be those with a SCLmin of 21 to 40 cm and sub-adults (n=16)
those with a SCLmin of 41 to 65 cm (Dodd, 1988). The turtles were temporarily housed in the rehabilitation facilities of
the Rescue Centre for Marine Animals (CRAM), in Premia de Mar, Barcelona, Spain. Complete blood count and serum
chemistry values fell within normal limits. Only clinically normal animals were included in this study.

Turtles were accommodated in individual outdoor tanks measuring 100 x 100 x 50 (deep) cm and were kept at
the acclimatisation centre for a minimum of 2 weeks prior the study. The photoperiod ranged between 11h/13h and 13h
light/11h dark according to season of the year. During the study, all turtles were fed at 48 h intervals with a diet based on
hake (Merluccius merluccius) and sardines (Sardina pilchardus sardina) (1:1) in a quantity equivalent to 1.5 — 2.5% of the
turtle body mass. No difference in the food intake was observed in the different seasons. Water temperature in the
different tanks ranged according to the ambient temperature, and was measured twice daily (morning and afternoon), the
mean values for each tank being used in the analyses.

Colour-marker experiments were carried out in 3 periods: early autumn, summer and winter, using 12 (8
subadults and 4 juveniles; mean body mass=11.5kg, mean SCLmin= 41.8cm), 8 (6 subadults and 2 juveniles; mean
body mass=14.38kg, mean SCLmin= 45.25cm) and 2 turtles (2 subadults; mean body mass=21.35kg, mean SCLmin=
52.75cm) respectively. We used different animals in each season. Each turtle, depending on its size, was given 10-20
coloured markers made with 5mm of diameter dishes of soft flat foam (Evaland, Evapal®- Palencia, Spain) placed inside
the fish at first feeding. The presence of the coloured markers in the faeces or floating in the water was recorded daily.

In the 8 turtles used in the study during the summer, BIPS® (Medical |.D. Systems, Inc.- Michigan, USA) were
used simultaneously with the colour markers in the same animals to assess gastric emptying and digesta intestinal
transit times. BIPS® capsules with two sphere sizes - 1.5mm (30 units) and 5 mm (10 units) - were used. BIPS® and the

colour markers were put inside of a mouth of one sardine that was swallowed by the turtle. Dorso-ventral radiographs
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were taken 2h after the test meal to verify that all BIPS® were really swallowed. In the first week, radiographic monitoring
was performed each 24h. As no great changes in the position of the BIPS® were observed within the first 24h, we
decided to use a 48h interval for subsequent radiographs for the remainder of the 21-day experiment. Lateral
radiographs were extremely difficult to interpret because of the displacement and overlapping of the gastrointestinal tract
with other soft tissue organs and carapace bony structure. Thus, all results reported are based on dorso-ventral
radiographs only.

To determine the arrangement of the intestine and to identify the position of the BIPS®in the radiographs taken
during the study, a preliminary anatomical study was performed in 5 dead juvenile turtles. Two cadavers were dissected,
the arrangement of the intestines recorded in situ, and intestine length measured. The transition from ileum to colon was
identified due to the presence of an iliocecal valve followed by a great enlargement of the colon, macroscopical changes
in the colour and texture of the mucosa and a visible decrease in intestinal wall thickness (Wyneken, 2001). Three
cadavers were frozen at -80° C and sectioned with an electric bone saw in serial parallel sections between 18 and 20 mm
thick, each one in an oriented plane (sagittal, dorsal and transverse).

Ingesta transit times are defined as follows: Transit time (T1) the time between the ingestion of the coloured
markers and the first defecation containing experimental material; Retention time (Tso) and Total transit time (Tss) as the
time required to excrete a minimum of 50% and 85% of ingested markers, respectively. Concerning BIPS®, T+ was
assumed once the first large size sphere (5mm) was missing on the radiographs. We have added the index Tss instead
T1o0as ‘total transit time’ considering the long time of ingesta passage in chelonians. Gastric emptying time was defined
as the time between first and last radiograph with BIPS® in the stomach area and was measured when all ten large
BIPS® were out of the stomach.

Results - given as means + sd, n= number of individuals - were analyzed with STATISTICA for Windows (Stat
Soft, Inc.). A Shapiro-Wilk test was used to verify the normality of data distribution. Linear regressions and Pearson’s
Correlation were calculated between the T4, Tso and Tes and temperature data, body mass and SCLmin. Graphics were
done with Microsoft® Office Excel 2003. The best-fitting tendency line was used. Statistical differences for factors of
variation such as kind of markers (colour markers versus BIPS®) and season (early autumn, summer and winter) were

analyzed by a one-way ANOVA, a Levene Test for the homogeneity of variances, and a Scheffe test.

Results

The turtle dataset used in this study included some heterogeneous data because different juvenile and
subadult turtles were examined in different seasons. Additionally, to evaluate the transit of the BIPS®, 8 turtles
experimented in the summer must to be handled each 48h for radiographic examination which might influence in the

results. The stress level produced by this handling and how much it influenced the results could not be ascertained.
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The data showed normal distribution. Coloured markers were expelled in several defecations and were easily
visualized and recovered. In the study (using the foam dishes) with the 22 turtles, T+ was 9.05 +3.05 (5 -16) days, Tso
12.00+4.53 (5-20) days and Tss 13.19+4.64 (5-21) days. Low and no significant correlation was observed between
ingesta passage times (T4, Tso, Tes) and SCLmin or body mass (p>0.05). No differences were observed between
juveniles and subadults (Table 1).

The mean tank water temperature ranged between 16.27° C (winter) and 23.86° C (summer), with a range
variation of as much as 3° C in a same tank on a single day during summer. No significant correlation was observed
between water temperature and T+, Tso and Tes (T1, r=-0.24 p=0.27; T50, r=-0.16 p=0.5; T85, r=-0.26 p=0.25). No
significant difference was observed among T+, Tso and Tss of turtles studied in the three seasons (p>0.05) (Table 2).

The quadratic regression curve was best fitted to the temperature data and ingesta passage times distribution.
Total transit time tended to be faster in turtles submitted to water temperatures between 20°C and 23.6°C. The highest

determination coefficient was observed when the total transit time (Tss) was plotted (Fig. 1).

Table 1. Pearson’s Correlation between of the passage times (T1, Tsoand Tes) of coloured markers versus body mass (BM) and SCLmin and their
comparison between aging groups of loggerhead sea turtles.

Passage Person’s Correlations Aging grouping .
times - - - t df p n-juv n-sub
(days) BM p SCLmin p juveniles  subadults
T, -0.20 0.38 -0.17 0.46 10.33 8.56 -1.23 20 0.23 6 16
Tso -0.17 0.46 -0.12 0.60 12.83 11.67 -0.52 19 0.61 6 15
Tes 0.08 0.72 0.13 0.56 13.00 13.27 0.12 19 0.91 6 15

n-juv, n-sub: number of juveniles and subadults, respectively.

Table 2. Passages times (T1, Tsoand Tss) of coloured markers in the digestive tract of loggerhead sea turtles in different year seasons.

p Seasons Variance Scheffe Test (p values)
assage _ _
time winter  winter summer
(days) winter autumn summer F-value  df p X X X
autumn _ summer _ autumn
T, 13+4.24 8.75+2.86 8.5+2.73 2.06 2 0.15 0.19 0.17 0.98
Tso 16+5.66 11.91+4.70 11.13+4.12 0.93 2 0.41 0.52 0.42 0.93
Tes 20.5+0.71 12.55+4.84 12.25+3.33 3.41 2 0.06 0.07 0.07 0.99

mT°C 16.31+0.06 19.60+1.74 23.86+0.76 - - - - - -

mT°C = Mean temperature of the water in the pools
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Figure 1. Quadratic regression between ingesta passage times (T1, Tsoand Tss) using colour markers and mean tank water temperature of turtles
studied.
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All turtles showed the BIPS® in the stomach 2h after ingestion. In this period, in 6 of the 8 tested turtles, the
BIPS® were seen in the most caudal part of this organ (pyloric part). Gastric emptying time was 24 to 48h. Large and
small BIPS® moved in groups in the intestine (Fig. 2). However, in 2 turtles we observed that the BIPS® were retained for
48 h in specific parts of the digestive tract. In the radiographs, the exact positioning of the BIPS® in the intestine could not

be identified and the orocolic transit time (usually calculated in dogs) could not be calculated. The superimposition of the

carapace and pelvis with the small BIPS® made quantitative monitoring difficult.

Figure 2. Anatomical sagittal section of the juvenile loggerhead sea turtles (A) and drawing of the arrangement of the gastrointestinal
tract (B): 1. stomach, 2. cranial part of duodenum, 3. gallbladder, 4. cranial flexure of duodenum, 5. descending duodenum, 6. caudal
flexure of duodenum, 7. jejunum, 8. ileum, 9. ileo-colic junction, 10. ascending colon, 11. ventral transverse colon, 12. dorsal transverse
colon, 13. descending colon, 14. cloaca, 15. liver. Dorso-ventral radiograph of juvenile loggerhead sea turtle studied with BIPS®(C): 7.
Big and small BIPS® travelling in intestine, 8. Loops of ileum
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In eight turtles, the BIPS® were expelled all together in T1. In turtles tested simultaneously with BIPS® and
colour markers, T+ of the BIPS® was slower (13.25+4.86 days) than the coloured markers (8.5+2.73 days) (p<0.01, t=-
3.56, df=7). Eight of the twenty-five turtles retained some coloured markers and/or small BIPS® in their digestive tract at
the end of the 23-day study period.

The anatomical study of the gastrointestinal tract in juveniles revealed that the small and large intestine were
quite equal in length (turtle 1: SLCmin 31cm, small intestine length 164cm, large intestine length 148cm; turtle 2: SLCmin
32 c¢m, small intestine length 135¢cm, large intestine length 120cm), with no apendicular cecal dilatation or structure. The
large intestine (transverse colon) was

divided into a dorsal and ventral part, resembling that of the equine large intestine (Fig. 2).

Discussion

An ideal marker is one that travels at the same rate as the food ingested. However, markers do not always
move with the food or nutrients, making choice of marker one of the most important considerations in ingesta passage
time studies (Robbins, 1993). Colour markers made from soft flat foam proved to be of great practical use in the sea
turtle tanks. The major advantage observed in our study was ease of collection in faeces or in water due to floatability,
which made accurate recovery and counting very easy. Sheets of ethyl vinyl acetate are inexpensive and are available in
a wide variety of colours, being used widely in children’s games thanks to low toxicity. The material did not lose colour in
salt water and the markers could be manufactured using a standard hole punch.

In dogs, age affects Tso and orocecal transit time (OCTT). However, body size does not affect these
parameters (Weber et al. 2003). Also, in Gopher and Galapagos Giant tortoises, retention time did not depend
significantly on weight or age (Bjorndal, 1987; Hatt et al. 2002). Nevertheless in Galapagos Giant tortoises, it is
interesting to note that the solid fraction of the digesta was retained differently in adult and juvenile tortoises (Hatt et al.
2002). In the current study, body mass and size of the turtle showed no significant correlation with the ingesta passage
transit times and no differences in T4, Tso and Tss were observed between juvenile and subadult specimens. In the live
wild sea turtle, age (aging class) is usually estimated on carapace size and might not represent the real age.

Although described by the manufacturer as being ‘low density’, BIPS® were developed in view of the specific
gravity of dry dog food, higher than the food of turtles. This was verified on expulsion in the defecation - the BIPS® sank
to the bottom while the colour markers stayed on the water surface together with the faeces. Due to their specific gravity,
in sea turtles the BIPS® might travel together with the solid phase of the digesta whereas the very-low-density colour
markers might travel with the liquid phase, thus accounting for the difference in evacuation time. In dogs, one set of
dorso-ventral and lateral radiographs 6-24 hours after BIPS® administration on an empty stomach is required to establish
their position in the gastrointestinal tract. In our study we took radiographs after 2h (to check that all markers were
ingested) and after 24 h. As most of the turtles showed no changes in the BIPS® position in the first 24h, we decided to

increase radiographic monitoring to every 48h thereafter. The ingesta transit times in the loggerhead sea turtle is longer

134



ANNEXES — ADDITIONAL PAPERS

than those reported for dogs and cats for which BIPS® are recommended (Weber et al., 2003). Therefore, in this species
this method involves a high number of radiographs for each animal. This fact along with the limitations of the lateral
radiographs and difficulties to address the right position of the BIPS® in the intestines don't justify its use in this species.

In our study, in a concurrent experiment, the transit time of the BIPS® was found to be longer than that of the
colour markers. Previous studies comparing methods to evaluate retention time of digesta in lizards and tortoises have
highlighted the importance of taking into account differences in the ingesta passage time and phase separation (solid
and liquid), especially where transit time is long - an important digestive strategy in reptiles (Hatch and Afik, 1999; Hatt et
al., 2002). A substantial difference in transit time using liquid phase markers has been observed in congeneric species of
tortoises such as the Testudo hermanni and T. pardalis studied with gastrofin® and barium sulphate suspension
respectively. A very fast transit time (2.6 h at 30.6°C) was observed in Greek tortoises and a relatively slower transit time
(about 6 days at 29°C) in Leopard tortoises (Taylor et al. 1996; Meyer, 1998). The slow transit time in the Leopard
tortoises could be associated with chemical immobilization carried out before the oral administration of barium.

The total transit time presented by Di Bello et al. (2006b) in six loggerhead sea turtles examined with barium
sulphate administration three weeks after surgical procedure varied from 8 to 40 days. The gastric emptying time
observed by these authors was much longer than that found in our study with healthy turtles.

The gut passage time is a reflection of gastric motility, in turn a reflection of health status, kind of food and
ambient temperature of a reptile (Skoczylas, 1978; Spencer et al. 1998). Kind and frequency of feeding and water
temperature of tanks were not mentioned by Di Bello et al. (2006b). The postoperative condition of the turtles in the study
mentioned could imply gastric dysrhythmias, accounting for delay in gastric emptying time, as observed in mongrel dogs
after undergoing abdominal surgery (Hotokezaka et al., 1997).

Compared with the mean total transit time (mean Tss=13.23 days), the gastric emptying time (2 days) found in
the loggerhead sea turtle seems to be relatively short. Radiographical and sectional studies in reptilians have shown that
in omnivorous and carnivorous species the stomach is where the hold-up is longest, whereas in herbivorous species this
appears to be in the caecum and proximal colon (Guard, 1980). Retention times observed in the loggerhead sea turtles
in the current study were as long as those found in herbivorous chelonian species, such as the desert and Galapagos
tortoises that experienced similar or even higher ambient temperatures (Bjorndal, 1987; Barboza, 1995; Hailey, 1997;
Hatt et al.,, 2002). In reptiles, generally the herbivore intestine is longer than the omnivore intestine, and the omnivore
intestine is longer than the carnivore intestine (Diaz-Figueroa and Mitchell, 2006). The ratio of large intestine to small
intestine lengths is significantly related to gut retention in omnivorous and herbivorous African tortoises (Hailey, 1997).
The high ratio between large and small intestines observed in this study resembles those of tortoises, in which the large
intestine is the section of the digestive tract with a great apparent area (Barboza, 1995). This finding could justify the
relatively long retention time observed in the loggerhead sea turtles. Further studies concerning on morphology and
digestive physiology are need in order to explain the function of the large intestine in this species.

The digesta transit times of turtles studied in different seasons did not show significant differences. These
results disagree with those found in other chelonians (Meyer, 1998; Spencer et al. 1998). Concerning sea turtles, green

turtles exposed to a laboratory simulation of subtropical winter and summer conditions showed relatively low thermal
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dependence of metabolic rate over the range of temperatures from 17 to 26°C (Southwood et al., 2003). As to
loggerhead sea turtles, a previous study performed in the Mid-Atlantic indicated that this species prefers to remain in
areas with sea surface temperatures ranging from an average of 19.38 to 25.7 °C (Thomas and Dabo, 2005). The
temperature range at which the turtles of our study tended to show fastest total transit time is placed just in the median of
the preferred temperature range for the loggerhead sea turtles and could suggest the optimum or “comfort temperature”
for this species.

Since in our study important factors such as acclimatisation, kind, amount and frequency of feeding were
standardized, it is important to consider to what extent other captivity conditions could affect metabolism, breaking the
positive correlation between temperature and metabolism known in reptiles (Gillolly et al. 2001). The ingesta passage
times are proportionally related to the ambient temperature in reptiles (Skoczylas, 1978). Therefore we would expect to
find shorter ingesta passage times in turtles experimented in summer than those studied in autumn and winter which was
not found in our study. On the one hand, results from winter could be influenced by the little number of animals studied
which compromises the statistical results. On the other hand, the absence of differences in the ingesta passage times
between summer and autumn could indicate that the water temperature range experimented in these seasons did not
affect significantly the turtles’ metabolism. The stress caused by the handling the turtles at much more frequent intervals
to perform the radiographs and the rapid water overheating in the summer should be also considered to explain the
tendency to increase Tss at higher water temperatures (Fig 1). In this season, wide temperature range was observed in
the tanks due to the small volume of water and the major effect of sunlight. The effect of intense heat as a potential
stressor in juvenile and subadult sea turtles has not been studied. However, Gregory et al. (1996) found that small
loggerhead turtles captured in the summer showed markedly higher corticosterone concentrations than those of large
turtles captured in the same season and of all turtles captured during the winter, suggesting that a higher metabolic rate
in this aging class due to higher water temperatures may be the basis for the variability of corticosterone between
seasons. Sato et al. (1995) found that loggerhead sea turtles maintain body temperature higher than the ambient water
temperature while swimming at sea, the difference being about 0.7 — 1.7 °C. In crocodilians, efficient temperatures for
ingestion and digestion are between 25 °C and 35 °C; temperatures higher than 35 °C cause an undue amount of stress
and inappetence (Lane, 2006). Like most reptiles, free-ranging sea turtles use behavioural means, such as postural
adjustments or movements between different thermal microclimates, to maintain body temperature within a preferred
range (Avery, 1982) which in our experiment was restricted by captivity conditions.

We believe that the new information provided in this study of ingesta passage time, the use of coloured ethyl
vinyl acetate markers instead of BIPS® and knowledge regarding the effect of a excessive handling and comfort
temperature of the loggerhead sea turtle may help rehabilitation centers and aquariums establish better conservation and
management strategies, mainly in those turtles with digestive disorders or where there is a suspicion of the digestion of

foreign bodies such as fishhooks.
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